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ABSTRACT 
To further understand the biological interactions that govern our daily 
lives it is essential to develop new techniques for the robust tethering of 
immobilized bio-molecules to substrates for applications such as bio-
mimicry, diagnostics, and durability as well as further self assembly. 
Current technologies devised for this purpose include the 
functionalization and lithography of Langmuir-Blodgett films, self-
assembled monolayers and spin-coated layers. Whilst these methods 
provide suitable surfaces, they suffer from being substrate dependent and 
inappropriate for complex 3D-geometries, thus prohibiting their 
application to a wide range of materials. Pulsed plasma polymerised films 
can overcome this hurdle and are utilised in this thesis to present amine, 
epoxide, thiol and protein resistant interfaces. 
For instance, genomic arrays have been created via di-sulfide 
bridge formation between DNA and thiol groups. Whilst proteomic arrays 
have been fabricated either via electrostatic immobilization of proteins to 
charged regions surrounded by a protein resistant background, or 
alternately, covalent attachment to epoxide surface groups. Similarly, 
glycomic arrays have been produced by the covalent attachment of D-
maltose and (3-D-galacto-methanethiosulfonate to amine and thiol surface 
groups respectively. Furthermore, it has been shown that sequential 
plasmachemical nanolayering can provide a passivated upper layer and a 
reactive underlayer which can be subsequently exposed via mechanical 
removal of the top layer, to yield reactive pixels on the micron and nano-
scale. 
Finally, the substrate independent nature of plasma polymers has 
been utilised for the coating of compact disc surfaces with reactive 
nanolayers. Subsequent protein immobilization has been accomplished 
via inkjet printing and has shown promise for potential use as in point-of-
care diagnostics. 
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CHAPTER 1 
PLASMA MODIFICATION OF SURFACES 
AND THEIR ANALYSIS 
1.1 Plasma Modification of Surfaces 
1.1.1 Introduction 
The term plasma was introduced by Irving Langmuir to describe regions 
of zero net space charge within a gas. 1 It may be further characterized as 
a fully or partially ionized, quasi-neutral gas, consisting of charged ions, 
electrons, electromagnetic radiation, metastables and neutrals which 
display a collective behaviour. 2 Now considered as the fourth state of 
matter, approximately 95% of the universe is thought to compromise of 
plasma. 
1.1.2 P lasma Forms 
Plasma can be subdivided, by electron energy, into two categories. The 
first category (equilibrium plasma) contains all of the reactive species 
(electrons, ions, and neutrals) in thermal equil ibrium 3 with examples 
including stars, 4 l ightning 5 and fusion plasmas. 6 The second category 
(non-equilibrium plasma) is characterized by the absence of a thermal 
equilibrium between the species, with the electron temperature (10 4 -
1 0 s K) greater than that of the surrounding ions and neutrals (~ 300 K) . 7 
These cold plasmas enable energetic reactions to proceed whilst the gas 
temperature does not rise significantly above that of the ambient 
environment, allowing for the treatment of heat sensitive mater ials, 2 , 8 thin 
film format ion 9 and etching. 1 0 
1.1.3 Plasma Discharge 
Due to the effects of naturally occurring ionization sources gases always 
contain some free electrons that may be accelerated by the application of 
an electric field. It is possible for the accelerated electrons to undergo 
elastic and inelastic collisions, leading to the ionization and excitation of 
any species present, with a cascade of secondary electrons produced at 
a breakdown voltage (Vb), via these coll isions. 1 1 
2 
The secondary electron emission is sufficient to maintain the discharge at 
a steady state as a result of the initial ionization producing reactive 
species that induce further excitation and ionization in a variety of 
differing mechanisms, Table 1 .1 . 1 2 
P r o c e s s Example 
Ionization e + A -> 2e + A* 
Excitation e' +A -> e" +A* 
Relaxation A*-+A+hv 
Dissociation e+AB-+e~+A' + B« 
Penning Ionization A* + B-+A + B* + e 
Metastable - Metastable A* + A*->A +A+ +e 
Electron - Metastable e+A*^A+ + 2e 
Table 1.1 Plasma discharge processes: A and 8 represent ions, A* 
excited ions, and e" electrons. 
If an electric field is placed inside the plasma the electrons will move to 
reduce the effect of this field, resulting in the formation of a potential 
difference between itself and the surrounding gas . 2 , 9 This distance over 
which this charge separation occurs is known as the Debye length A D , 
Equation 1.1. For the plasma to remain quasi-neutral the volume of the 
discharge must be greater than A D . 
J 
Equation 1.1 
£ 0 = Permittivity of free space. 
k = Boltzman constant. 
Te = Electron temperature. 
ng = Electron density, 
e = Electron charge. 
3 
1.1.4 Plasma Polymerization 
Plasma polymerization forms nanometer thin films, f rom the vapour 
phase, onto a substrate, modifying the properties of the surface without 
effecting those of the b u l k , 1 3 , 1 4 - 1 5 , 1 6 1 7 1 8 , 1 9 , 2 0 however the properties of 
these plasma polymers may vary from those of conventional polymers. 
This is a result of the plasma polymerization processes differing from the 
molecular processes of conventional polymerization. The plasma process 
offers several advantages over conventional techniques such as 
substrate independence and the ability to provide pin hole free, 
nanometer thin films on complex geometries with low amounts of 
precursor required and low waste generat ion. 7 , 1 4 Technological 
applications include adhesion, 2 1 biocompatibi l i ty, 2 2 , 2 3 b i o s e n s i n g , 2 4 , 2 5 , 2 6 
electrical conduct ion , 2 7 , 2 8 durabi l i ty, 2 9 genomics, 3 0 nitrogen f ixat ion, 3 1 
super repel lency, 3 2 , 3 3 photovoltaic ce l ls 3 4 and protein resistance. 3 5 
It is possible for polymerization in the gas phase to proceed via a 
variety of processes, including plasma induced polymerization, where 
precursor polymerization occurs through a double bond, Figure 1.1 A. 
Alternatively non-reactive and reactive products can be formed f rom the 
precursor, Figure 1.1 B and E, with fi lm formation proceeding via these 
reactive intermediates 2 in a process known as plasma polymerization, 
which does not require a double bond Figure 1.1 C, D, and F. 
B Non reactive 
"reaction products Precursor-
Reactive 
reaction products / Q 
D 
Polymer Film 
Substrate 
Figure 1.1 Processes of plasma polymerization. 
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The plasma polymerization processes include initiation, propagation, 
termination and reinitiation. Initiation concerns the generation of reactive 
species, propagation involves the interaction of these reactive species 
with each other and the surface (leading to the formation of a polymeric 
chain), with termination taking place in the gas phase and on the surface. 
Furthermore, terminated steps do not permanently cease the processes 
as the products can undergo reinitiation and further propagation reactions 
in the reactive plasma medium. This can be further described by a rapid 
step growth polymerization (RSGP) mechanism, Figure 1.2. RSGP 
proceeds via two equally contributing parallel cycles. Cycle I involves the 
repeated activation of the reaction products from monofunctional 
activated species, with cycle II occurring though difunctional speices. 9 
Cycle I 
P, 
Plasma 
excitation 
Cycle II 
Figure 1.2 Mechanisms for rapid step growth polymerization: Pi, P, 
and P n represent polymer chains of different length. 
5 
1.1.5 Pulsed Plasma Polymerization 
Plasma polymerization is inherently destructive, with the formation of 
reactive products via collisions and fragmentation producing highly cross-
linked materials. The polymer composition and cross linking is 
determined by a variety of parameters including substrate temperature, 
plasma zone substrate positioning, and reactor geomet ry . 3 6 , 3 7 A 
composite parameter W/FM (W represents power, F represents precursor 
flow rate, and M the precursor), determines the energy input per unit 
mass of precursor and is considered the determining parameter, with 
higher ratios inducing greater fragmentation. 9 Continuous wave plasma, 
when energy is supplied throughout the duration of plasma process, often 
generates excessive precursor fragmentation, increasing yield material 
cross linking. Pulsing of the power supply allows for lower average power 
inputs, effectively reducing the W/FM ratio and allowing for high levels of 
surface functionality as a consequence of reduced fragmentation and 
increased precursor structural re ten t ion , 3 8 , 3 9 Equation 1.2. 
Weq = 7°n • Peak Power Equation 1.2 
' on + ' off 
Weq= Equivalent power. 
Ton = Plasma on time. 
T0ff= Plasma off time. 
In varying the pulsed plasma duty cycle the on-time generates active 
sites in the gas phase and also at the growing film surface, followed by 
polymerization operating throughout the prolonged off-time in the 
absence of any UV, ion, or electron induced damage . 4 0 , 4 1 Furthermore, by 
programming the pulse duty cycle, the surface density of desired 
chemical groups can be tailored with examples including amine , 4 2 
anhyd r ide 4 1 epox ide, 4 3 carboxylic ac id , 4 4 cyano, 4 5 hal ide, 4 6 h y d r o x y l 4 7 
fur fury l , 4 8 perf luoroalkyl 3 3 and thiol g roups. 3 0 
6 
1.2 Surface Analys is 
1.2.1 X-Ray Photoelectron Spectroscopy 
1.2.1.1 Theory 
X ray photoelectron spectroscopy (XPS) is a surface sensitive technique 
providing quantitative elemental information from the top 5 nm of a 
surface, furthermore, it can determine the chemical environment of the 
elements present, giving rise to the moniker 'electron spectroscopy for 
chemical analysis' or ESCA. 4 9 
The selectivity of XPS is a result of an elements unique binding 
energy. The binding energy is determined via irradiating a sample with 
high energy photons, resulting in ejection of core electrons by the 
photoelectric ef fect , 5 0 Figure 1.3. 
« c iu 
• 
* . mmmmmm 
. / x - r a y 
Photon 
Vacuum Level 
Valence Band 
2p 
2s 
1s 
Figure 1.3 Ejection of a core 1 s electron by an X-ray photon. 
The kinetic energy of the core electrons is measured experimentally and 
used to determine the binding energy by applying the photoelectron 
equat ion, 5 1 Equation 1.3. 
Ek=tlV - E e - 0 Equation 1.3 
£ f c = Photo-emitted electron kinetic energy. 
EB = Photo-emitted electron binding energy. 
hv = Exciting photon energy. 
<t> = Work function. 
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The precise core electron binding energies are sensitive to the chemical 
environment of the element. In general, the presence of electron 
withdrawing groups may leave atoms with a partial positive charge, 
leading to a shift in the core levels to higher binding energies as a result 
of an increase in electrostatic work done to remove the core electrons, 
therefore atoms in a high formal oxidation state will yield XPS peaks at 
higher binding energies relative to the same atom in a low oxidation 
s tate. 5 2 XPS spectra of elements exhibiting a range of oxidation states 
often appear as complex envelopes which can be deconvoluted into their 
component environments by a peak fitting procedure. 5 3 This allows for 
quantitative information on the chemical state of the elements present. 
The surface sensitivity of XPS is derived from the inelastic mean 
free path (IMFP) of an electron travelling through the solid. The IMFP is 
an index of how far an electron can travel before losing energy via 
inelastic. XPS experiments in which the IMFP is low are highly surface 
sensitive. The IMFP is only weakly material dependent, however it is 
strongly dependent on electron energy, allowing for the formation of a 
'universal curve' for materials, showing the IMFP as a function of electron 
energy, 5 4 Figure 1.4. 
10 
E 10 
CO 
10 
3 
CD 
10 
10 I 
10 10 10 10 10 10 
Electron Energy (eV) 
Figure 1.4 The dependence of inelastic mean free path on electron 
energy. 
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Low kinetic energy electrons possess insufficient energy to participate in 
energy loss processes so the IMFP is large. High energy electrons 
possess similarly low cross sections for IMFP. In contrast, electrons with 
medium kinetic energy (100 - 1000 eV), such as those generated by XPS 
have a high cross section for inelastic events. The resultant low escape 
depth gives XPS its surface sensitivity. 
1.2.1.2 X P S Spectrometer 
XPS analysis is carried out in ultra-high vacuum (UHV) to minimise 
sample contamination and to prevent scatter of photo-electrons prior to 
analysis. X-ray photons are usually created via the impaction of 
thermionic electrons on magnesium or aluminium coated anodes. The 
photons produced posses sufficient energy (Mg Ka: 1253.6 eV, Al Ka 
1486.6 eV) to eject core electrons from a wide range of elements and 
possess a line width narrow enough (Mg Ka: 0.7 eV, Al Ka 0.85 eV) to 
permit high energy resolution analysis. Energy analysis of the photo-
emitted electrons is normally accomplished using a concentric 
hemispherical analyser (CHA). The CHA, coupled with electronic lenses, 
filter electrons according to kinetic energy, before detection by a 
secondary electron multiplier. 5 2 
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1.2.2 Fourier Transform Infrared (FT-IR) Spectroscopy 
1.2.2.1 Theory 
Chemical groups which contain a change in dipole moment may have a 
frequency that can be excited by an infra red photon. 5 5 Infrared 
spectroscopy is the IR absorption measurement of molecules containing 
these groups, with a comparison between the incident and transmitted IR 
beam allowing for a plot of the relative transmission at a given 
wavenumber. 
Infrared spectra can be obtained by the dispersion of an infrared 
beam, via a grating, into its monochromated components, and slowly 
scanning the spectra through the sample, however this method can be 
time consuming. Fourier transform infrared spectroscopy varies from 
conventional IR by using a Michelson Interferometer. The interferometer 
consists of a standard IR source, a beamsplitter, a fixed mirror and a 
moving mirror. The beamsplitter reflects 50% of the beam to a stationary 
mirror and transmits 50% to a movable mirror, as the beams recombine 
interference fringes are produced. Varying the path length by moving the 
mirror results in an interferogram of intensity values against mirror 
distance travelled. Any sample placed in the path of the beam which 
absorbs infrared radiation modifies the interferogram according to the 
wavelengths absorbed. When the resultant interferogram undergoes a 
Fourier transform a spectra of intensity values versus wavenumber is 
obtained. 5 6 
The FT-IR method has the ability to scan a whole spectrum at 
once, reducing the time taken to acquire a spectrum with identical signal 
to noise ratio as a conventional IR spectrometer. Additionally, there are 
no slits required in the optics of the spectrometer resulting in a much 
higher radiation throughput, and the resolving power in a FT-IR 
instrument does not depend on wavenumber but remains constant. 5 7 
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1.2.2.2 IR Surface Analysis 
IR spectroscopy is normally performed in transmission mode, i.e. the 
radiation is passed through the sample. This is a bulk technique and 
inappropriate for detecting surface change. More suitable methods 
include attenuated total reflectance ATR-IR and specular reflectance 
FT-IR. 
ATR-IR comprises an IR transparent crystal (e.g. KRS- 5 or 
diamond) held in intimate contact with the sample. The difference in 
refractive indices between the optically dense crystal and the sample 
results in total internal reflection of the incident IR beam (l 0) at the 
surface, and also creates a standing wave at the crystal-surface interface. 
This standing wave penetrates into the sample, with penetration depth 
dependent upon incident wavelength but typical of the order of 2.5 to 25 
urn in the mid IR range. The comparison of this wave with the incident 
beam allows for the formation of an FT-IR spectrum, Figure 1.5. 5 7 
S a m p l e 
C r y s t a l 
S tand ing W a v e 
enetrat ion Depth 
t 
Figure 1.5 Total internal reflection of IR beam at the crystal surface 
interface propagating a standing wave into the sample surface. 
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Specular reflectance involves reflected energy measurement from a given 
surface at a given angle of incidence, Figure 1,6. When an incident F T - I R 
beam (l 0) illuminates a thin layer on a reflective substrate below the 
critical angle, some of the incident beam is reflected from the sample 
surface (l R) and some is transmitted through the sample (IT). When the 
beam exits the thin film it has passed through the film twice (l A), with 
infrared energy absorbed at the characteristic wavelengths of the thin 
film. 
S a m p l e 
R e f l e c t i v e 
S u b s t r a t e 
Figure 1.6 Specular reflectance of F T - I R beam incidented upon a thin 
film on a reflective substrate. 
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1.2.3 F luorescence Microscopy 
1.2.3.1 Photoluminescence 
Fluorescence microscopy is a technique whereby fluorescent substances 
can be imaged. As many substances are fluorescent, or can be made so 
by fluorescent staining, and because fluorescence is observed as 
luminosity on a dark background, it is possible to differentiate between 
small features. 5 8 
The process of photoluminescence can be described as a 
stepwise mechanism consisting of the formation of one or more excited 
states by absorption of energy, followed by non-radiative transitions 
within the excited state, and finally, energy loss accompanied by emission 
of radiation,5 9 Figure 1.7. 
1 s c 
J \ 1 hv hv a 
Figure 1.7 Jablonski diagram for photoluminescence were So and S i 
are ground and excited triplet states respectively, and Ti the associated 
triplet state 
When a photon of energy hv a is absorbed the material is excited from the 
ground singlet state So to a vibronic sublevel of an excited state S i . Non 
radiative decay brings the material down to the lowest sublevel in the 
excited state, leaving the material with less energy than absorbed (this 
13 
results in the emitted luminescence being of longer wavelength compared 
to the absorbed wavelength). 6 0 Photon emission of energy hvb from the 
S i excited state to the So ground state can takes place within 
nanoseconds, and is known as fluorescence. 
The singlet excited state has a corresponding triplet state with 
slightly lower energy, 6 1 , 6 2 singlet-triplet state transitions are normally spin 
forbidden however it is possible to undergo intersystem crossing ( ISC) 
into the triplet state. Furthermore, since the transition to the ground state 
is spin forbidden the microsecond lifetime of this state before photon 
emission allows for emission to proceed even after the excitation source 
has been removed, this is known as phosphorescence. 
1.2.3.2 Microscope Design 
A fluorescent microscope can be broken down into excitation source, 
contrast enhancement and emission detection, Figure 1.8. Typical 
excitation sources include lamps, lasers, and light emitting diodes, whose 
emission is collected into a lens and passed through a filter to allow light 
of only the desired wavelength to be focussed onto the sample. The 
emitted light from the sample is collected by a nearby objective and 
passed through another filter to improve the signal to noise ratio by 
removing any light of undesired wavelength. This light is focussed onto a 
photo-detector which can convert the light into a spatial image of 
fluorescence intensity 6 3 
Collector Lens Condenser Objective Detector 
V 
Illumination 
Source 
0 
Excitation 
Filter 
Sample Emiss ion 
Filter 
Figure 1.8 A schematic diagram of a fluorescence microscope. 
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1.2.4 Scanning Probe Microscopy 
1.2.4.1 Development 
The Atomic Force Microscope (AFM) 6 4 was developed from the Scanning 
Tunnelling Microscope 6 5 and can provide atomically resolved 
topographical images of conductors, insulators, organics, biological 
molecules, polymers and ceramics in different environments such as 
liquid, vacuum and low tempera ture . 6 6 , 6 7 , 6 8 , 6 9 , 7 0 , 7 1 , 7 2 The AFM can also 
provide information on adhesion, 7 3 , 7 4 electrostatic, 7 5 , 7 6 magnetic 7 7 , 7 8 and 
frictional fo rces 7 9 , 8 0 as well as surface wear 8 1 , 8 2 . Furthermore the AFM 
can be utilised as a lithographic t o o l . 8 3 , 8 4 , 8 5 , 8 6 , 8 7 
A basic AFM comprises of a sharp probing tip (-50 nm radius of 
curvature) located at the free end of a cantilever (-150 urn in length). The 
tip is scanned across the surface using an XYZ piezoelectric ceramic, 
providing movement with nanometer precision. The tip sample 
interactions create a change in cantilever properties which can be 
detected by various sensors including an STM tip positioned behind the 
cantilever, 6 4 optical interferometry88 and laser beam deflection. 8 9 The 
changes in cantilever properties are fed into a feedback loop which 
changes the xyz piezo in order to keep a set point value constant. 
Figure 1.9 Schematic diagram showing the basic operating system of a 
scanning probe microscope. 
Deflection 
Sensor 
i V Feedback Loop 
XYZ Piezo 
Scanner 
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Tip sample interactions are dependent upon the forces felt by the tip as a 
function of distance above the surface. The variation of force with 
distance from the surface allows the AFM to operate in three distinct 
regimes: contact, non-contact and intermittent contact, 9 0 Figure 1.10. 
Figure 1.10 Interatomic force vs distance curve. 
1.2.4.2 Contact Mode 
In contact mode the AFM tip and sample are placed in "contact" and 
scanned across the surface, 9 1 here the tip is placed so close to the 
surface that the forces are repulsive, Figure 1.10. The curve in this 
section is extremely steep so when the cantilever pushes against the 
surface the magnitude of the repulsive force results in cantilever distortion 
rather than forcing the tip atoms closer to the surface atoms. 
As the tip is rastered across the surface, topographical data can be 
collected in two ways. In the first, by maintaining the sample height at a 
constant value and scanning the tip over the surface, the spatial variation 
of the cantilever deflection can be used directly to generate a topographic 
image, this is known as constant-height mode. The second involves 
keeping the force between the sample and the tip constant by maintaining 
the deflection of the cantilever at a set point, as the tip is scanned across 
Force 
Intermittent 
Contact 
0) 
Contact 
TO Non-Contact 
Distance 
(Tip-Sample 
Separation) 
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the surface a feedback loop monitors the deflection and adjusts the tip-
sample separation accordingly. The change in z-height, required to keep 
the set point constant, can then be used to generate a topographic 
image. However, in both methods, the dragging motion of the tip 
combined with the adhesive and lateral forces experienced can cause 
damage to soft samples . 9 2 , 9 3 
1.2.4.3 Non-Contact mode 
When a tip is oscillated near its resonant frequency, at a distance of 
approximately 10 nm above the surface, the tip sample forces are 
considered attractive,9 4 Figure 1.10. It is known that the resonant 
frequency of the oscillating tip varies with the spring constant of the 
cantilever, Equation 1.4. 9 5 
Furthermore, the spring constant varies from its intrinsic value with the 
force gradient, Equation 1.5. Therefore, as the force gradient changes in 
the non-contact regime the resulting effect is a change in the resonant 
frequency of the cantilever. When a sample is scanned a feedback loop 
maintains the resonant frequency at a set point value by moving the z-
piezo, allowing for the generation of a topographic image. 
1 
2K 
Equation 1.4 
v = Cantilever resonant frequency. 
k = Cantilever spring constant. 
m = Cantilever mass. 
eff K-F Equation 1.5 
ken = Effective spring constant. 
ko = Spring constant in air. 
F = Forces gradient. 
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Non-contact mode does not suffer from tip or sample degradation, 
however as non-contact interactions are very weak the change in 
resonance frequency is difficult to detect. Furthermore if condensed water 
monolayers are present on the surface the capillary forces can induce tip-
sample artefacts as a result of the hydro-dynamic damping. 9 6 
1.2.4.4 Intermittent Contact mode 
In intermittent contact mode the cantilever is vibrated near its resonant 
frequency and brought close to the sample so that it intermittently taps 
the surface. Each time the tip contacts the surface it loses energy and 
reduces the amplitude of modulation from that of the free amplitude in air. 
When scanning a surface, a set point amplitude is used in a feedback 
system so that any change will result in the movement of the z-piezo to 
restore the amplitude to its set-point, giving rise to a topographic imaging. 
Tapping mode does not suffer from the hydrodynamic damping as non-
contact does and does not degrade the tip or sample like contact mode, 
allowing for the imaging of soft and biological samples in air. 9 7 
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1.2.5 Contact Angle Analys is 
The wettability of a sessile droplet on a surface is sensitive to changes in 
surface free energy and roughness. This makes contact angle an 
extremely surface sensitive (0.5 - 1 nm) means of characterizing a 
solid. 9 8 
As a sessile droplet of water is created on a surface a three phase 
boundary is created between the liquid, solid, and vapour, Figure 1.11 
This can be described by three vector quantities: ysv, Y S L , and YLV where y 
is the surface tension and the subscripts SV, S L , LV refer to the solid-
vapour, solid liquid and liquid vapour interfaces respectively. 
YLV Vapour 
Vsy V S L Solid Figure 1.11 The three phase boundary by a liquid droplet on a solid 
surface. 
The resolution of these interfacial tensions creates the balance of forces 
described by the Young's equation, where Y L V C O S G is the projection of YLV 
upon the surface Equation 1.7." 
7sv = 7si + 7iv ( c o s 0 ) Equation 1.7 
The contact angle can be empirically summarised using the Zisman plot. 
This assumes that the contact angle of any given solid (cosO) is a linear 
function of YLV for a homologous series of liquids (e.g n-alkanes). 
Extrapolation of a graph of cos6 against Y L V to cosG = 1 will yield a value 
of YLV at which the surface will become completely wetted. This is termed 
the critical surface tension Yc. which is characteristic of the surface and 
considered to be a measure of the surface tension. 1 0 0 
Liquid 
8 
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Contact angle analysis is performed using a video contact angle (VCA) 
instrument. A motorised syringe deposits a droplet of known volume onto 
the sample surface. A snapshot of the droplet is then captured using a 
C C D camera and displayed on the interfaced P C . Accompanying image 
analysis software is then used to compute the contact angle. 
1.2.6 Spectrophotometry 
As monochromated light (l 0) is focused onto a thin film we get reflectance 
(IR) and transmission (IT) at phase boundaries, Figure 1 . 1 2 . The 
interaction of the emergent waves creates interference fringes with 
varying intensities. Spectrophotometry allows the determination of optical 
properties, such as the refractive index and film thickness by fitting a 
Cauchy dispersion model 1 0 1 to acquired data, gathered by monitoring the 
reflectance and transmittance of a sample over a wavelength range of 
3 0 0 to 1 0 0 0 nm. 
Air 
Film 
Substrate 
Figure 1.12 Reflection and transmission of monochromated light at 
phase boundaries to determine film properties. 
2 0 
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CHAPTER 2 
MOLECULAR SCRATCHCARDS FOR 
PROTEOMICS AND GENOMICS 
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2.1 Introduction 
Functional patterning of solid surfaces is of key importance for 
technological applications such as thin film transistors,1 solar cells,2 
genomics, 3 , 4 , 5 proteomics, 6 , 7 , 8 microelectronics, 9 , 1 0 , 1 1 sensors 1 2 and 
microfluidics. 1 3 , 1 4 , 1 5 A plethora of techniques has been devised for this 
purpose based on top down, bottom up, or a combination of both 
approaches. 1 6 , 1 7 These include light stamping, 1 8 microcontact 
pr in t ing, 1 9 , 2 0 , 2 1 , 2 2 , 2 3 microarraying 2 4 , 2 5 , 2 6 e-beam lithography 2 7 , 2 8 , 2 9 
polymer blend phase separation, 3 0 , 3 1 , 3 2 UV patterning 3 3 , 3 4 , 3 5 and exposure 
through a mask to a reactive medium. 3 6 , 3 7 , 3 8 Furthermore, the utilisation 
of scanning probe tips for patterning on the nanoscale has emerged as a 
promising alternative. This encompasses dip pen nanolithography, 3 9 , 4 0 , 4 1 
electro pen nanolithography 4 2 local anodic oxidation 4 3 , 4 4 , 4 5 , 4 6 , 4 7 
nanoshaving 4 8 , 4 9 , 5 0 , 5 1 , 5 2 , 5 3 and thermal scribing. 5 4 , 5 5 Generically, such 
scanning probe patterning techniques comprise either direct surface 
modification or partial removal of a surface layer to reveal the underlying 
substrate (which can then be subjected to further functionalization). Dip 
pen nanolithography 3 9 , 4 0 , 4 1 is an example of the former approach - where 
ink is transferred from a scanning probe tip onto a surface; associated 
drawbacks include the prerequisite of tip modification prior to use, and the 
reliance on specific ink-substrate interactions (e.g. gold-thiol coupling for 
the generation of self-assembled monolayers (SAMs) 5 6 , 5 7 , 5 8 , 5 9 , 6 0 ) . The 
alternative variant, where SAMs are directly removed by the t ip, 4 8 4 9 - 5 0 - 5 1 ' 6 3 
also suffers from substrate specificity and poor shelf-life attributable to the 
oxidation and desorption processes of Au-S bond at the gold surface 6 1 
In this study, a new and relatively straightforward approach for 
chemically patterning solid surfaces on both the micro- and nano- scales 
is introduced, which is based upon plasmachemical nanolayering to 
construct multi-functional stacks, with subsequent nanoscale scratching 
or puncturing down to the appropriate depth in order to expose the 
desired functionality, Figure 2.1. 
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Monomer A Plasma Deposition 
Monomer B Plasma Deposition 
* 
Puncturing 
\ 4 
Scratching 
Figure 2.1 Molecular scratchcard fabrication followed by either robotic 
micropin puncturing or SPM tip scratching. 
Previous attempts to fabricate multilayer functional stacks have tended to 
be cumbersome and reliant upon complex and expensive syntheses.6 2 
Here, functional nanolayering is readily achieved by switching monomers 
during pulsed plasma depositions. Subsequent removal of the outermost 
passivation layer leaves behind a patterned multi-functional surface. The 
major attributes envisaged include substrate independence, high 
throughputs and the scope for multifunctional (multiplex) surfaces. 
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2.2 Experimental 
2.2.1 Plasmachemical Nanolayering 
Plasma polymerization was carried out in a cylindrical glass reactor (4.5 
cm diameter, 460 cm 3 volume) located inside a Faraday cage and 
evacuated by a 30 L min"1 rotary pump via a liquid nitrogen cold trap (2 x 
10~3 mbar base pressure and better than 1.2 x 10"9 mol s"1 leak rate). A 
copper coil (4 mm diameter, 10 turns, located 15 cm away from the 
precursor inlet) was connected to a 13.56 MHz radio frequency supply via 
an LC matching network. System pressure was monitored with a Pirani 
gauge. All fittings were grease free. During pulsed plasma deposition, the 
RF source was triggered by a signal generator, and the pulse shape 
monitored with an oscilloscope. Prior to each experiment the apparatus 
was scrubbed with detergent, rinsed with propan-2-ol, and oven dried. 
Further cleaning entailed running a 40 W continuous wave air plasma at 
0.2 mbar pressure for 20 min. At this stage, each monomer was loaded 
into a sealable glass tube and further purified using multiple freeze-pump-
thaw cycles. The substrate of interest was placed into the centre of the 
reactor, and the system evacuated to base pressure. For each functional 
monomer, a continuous flow of vapour was introduced via a fine needle 
control valve at a pressure of 0.2 mbar and 1.5 x 10"7 mol s"1 flow rate for 
5 min prior to electrical discharge ignition. Optimum pulsed plasma duty 
cycle parameters for each precursor are listed in Table 2.1. Upon 
completion of deposition, the RF power source was switched off and the 
monomer allowed to continue to purge though the system for a further 5 
min prior to evacuation to base pressure and venting to atmosphere. 
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Precursor Reactor Pulse Duty Cycle / Deposition Rate 
Temp / °C MS / nm min"1 
Time On Time Off 
Glycidyl methacrylate 22 20 20000 16 
(+97%,SigmaAldrich) 
A/-acryloylsarcosine 50 20 5000 9 
methyl ester 
(+97%, Lancaster) 
Allylmercaptan 22 100 4000 10 
(+80%, Sigma-Aldrich) 
Table 2.1 Optimum parameters for pulsed plasma polymerization of 
each monomer. 
2.2.2 Protein Arrays 
A difunctional stack comprising pulsed plasma deposited poly(/V-
acryloylsarcosine methyl ester) on top of poly(glycidyl methacrylate) was 
employed for the preparation of protein arrays. Micron-scale protein 
patterns were fabricated using a computer-controlled robotic microarrayer 
(Genetix Inc) equipped with micro-machined pins delivering ~1 nl_ of 
protein solution onto the reactive pulsed plasma poly(glycidyl 
methacrylate) underlayer by puncturing the pulsed plasma poly(/v-
acryloylsarcosine methyl ester) protein-resistant top layer. Typical circular 
spots with diameters of 100 to 150 urn could be routinely prepared. 
Protein I and Protein III solutions were prepared by diluting in phosphate 
buffered saline (pH 7.0, Sigma-Aldrich) containing 40% v/v glycerol 
(+99%, Sigma Aldrich) to a final concentration of 20 ug ml_"\ Table 2.2. 
The spotted surfaces were incubated for 16 h at 22 °C in a humidified 
chamber (70% relative humidity). Protein immobilization occurred via 
reaction between the biomolecule amine groups and epoxide centres 
exposed during concurrent puncturing and liquid delivery. 
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Protein Label Fluorophore 
Protein G from streptococcus sp Protein N/A 
(Sigma-Aldrich) 1 
Goat antimouse IgG (H + |_) Protein Alexa fluor 633 
(Sigma-Aldrich) II (Abs 632 nm, Em 650 nm) 
IgG from equine serum, salt-free Protein N/A 
(Molecular Probes) III 
Protein A from staphylococcus aureus Protein FITC 
(Sigma-Aldrich) IV (Abs 494 nm, Em 518 nm) 
Table 2.2 Proteins and associated fluorophores employed in this 
study with their absorption (Abs) and emission (Em) maxima. 
Microarrays of Protein I and Protein III were subsequently exposed to 
solutions of fluorescently tagged complementary Protein II and Protein IV 
respectively (20 ug ml_"1 in phosphate buffered saline) for 60 min. This 
was followed by successive rinses in phosphate buffered saline, 
phosphate buffered saline diluted to 50% v/v with de-ionized water, and 
finally washed twice with de-ionized water. 
Sub-micron scale protein immobilization entailed loading a 
molecular scratchcard onto an atomic force microscope stage (Digital 
Instruments Nanoscope III control module, extender electronics, and 
signal access module, Santa Barbara, CA). The protein-resistant pulsed 
plasma poly(A/-acryloylsarcosine methyl ester) top layer was scratched 
away using a tapping mode tip (Nanoprobe, spring constant 42 - 83 Nm"1) 
applied in contact mode. The movement of the tip in the x, y, and z plane 
was controlled by Veeco Nanolithography Software (Version 5.30M). The 
patterned molecular scratchcard was immersed in a solution of Protein I 
for 60 min at room temperature followed by successive rinses in 
phosphate buffered saline, phosphate buffered saline diluted to 50% v/v 
with de-ionized water, and twice with de-ionized water. The sample was 
then exposed to a complementary solution of Protein II (20 ug mL"1 in 
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phosphate buffered saline) for 60 min followed by successive rinses in 
phosphate buffered saline, phosphate buffered saline diluted to 50% v/v 
with de-ionized water, and finally washed twice with de-ionized water. 
2.2.3 DNA Arrays 
For the DNA arrays, poly(glycidyl methacrylate) was employed as the 
passivation top layer, with poly(allylmercaptan) serving as the reactive 
underlayer. Scanning probe lithography was performed as described 
above. The patterned scratchcard was then immersed in a solution of 
thiol terminated Cy5 tagged 15 base oligonucleotide (5' -
AACGATGCACGAGCA - 3') diluted to a concentration of 400 nM in a 3 
M Sodium Chloride (+99 %, Sigma Aldrich)/0.5 M Sodium Citrate 
Dihydrate (+99%, Sigma Aldrich) (SSC) buffer solution for 12 h at room 
temperature. This was followed by successive rinses in SSC, SSC 
diluted 50% v/v with de-ionized water, and twice with de-ionized water. 
Surface immobilization of the oligonucleotides occurred via di-sulfide 
bridge formation.6 3 
2.2.4 Surface Characterization 
X-ray photoelectron spectroscopy (XPS) was undertaken using an 
electron spectrometer (VG ESCALAB MK II) equipped with a non-
monochromated Mg Kai, 2 X-ray source (1253.6 eV) and a concentric 
hemispherical analyser. Photo-emitted electrons were collected at a 
take-off angle of 30° from the substrate normal, with electron detection in 
the constant analyser energy mode (CAE, pass energy = 20 eV). The 
XPS spectra were charge referenced to the C(1s) peak at 285.0 eV and 
fitted with a linear background and equal full-width-at-half-maximum 
(FWHM) Gaussian components6 4 using Marquardt minimization computer 
software. Instrument sensitivity (multiplication) factors derived from 
chemical standards were taken as being C(1s): S(2p): 0(1 s): N(1s): 
equals 1.00: 0.52: 0.63: 0.45. 
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Fourier transform infrared (FTIR) analysis of the films was carried 
out using a Perkin-Elmer Spectrum One spectrometer equipped with a 
liquid nitrogen cooled MCT detector operating across the 700 - 4000 cm"1 
range. Reflection-absorption (RAIRS) measurements were performed 
using a variable angle accessory (Specac) set at 86° on an Au substrate 
in conjunction with a KRS-5 polarizer fitted to remove the s-polarized 
component. All spectra were averaged over 10,000 scans at resolution of 
1 c m 1 . 
Contact angle analysis of the plasma-deposited films was carried 
out with a video capture system (ASE Products, model VCA2500XE) 
using 2.0 uL droplets of de-ionized water. 
Film thickness measurements were carried out using an nkd-6000 
spectrophotometer (Aquila Instruments Ltd). Transmittance-reflectance 
curves (over the 350-1000 nm wavelength range) were fitted to the 
Cauchy model for dielectric materials using a modified Levenburg-
Marquardt method. 6 5 
AFM micrographs of each surface were acquired in tapping 
mode 6 6 operating in air at room temperature (Digital Instruments 
Nanoscope III control module, extender electronics, and signal access 
module, Santa Barbara, CA). 
Fluorescence microscopy was performed using an Olympus IX-70 
system (DeltaVision RT, Applied Precision, WA). Image data was 
collected using excitation wavelengths at 525 nm and 633 nm 
corresponding to the absorption maxima of the dye molecules, FITC and 
Alexa Fluor 633 respectively. 
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2.3 Results 
2.3.1 Protein Arrays 
The XPS elemental stoichiometry of the pulsed plasma deposited poly(/v-
acryloylsarcosine methyl ester) protein-resistant film closely resembles 
the predicted theoretical composition calculated from the monomer 
structure, Table 2.3. Further confirmation of the high level of retained 
functionality was evident from the six C(1s) spectra hydrocarbon 
environments: CxH y (285.0 eV, a), C - C = 0 (285.7 eV, B), C-N (286.2 eV, 
c), C-0 (286.6 eV, u). N-C=0 (288.0 eV, 6), 0-C=0 (289.3 eV, 9), Figure 
2.2(a), and the characteristic infrared spectra absorbances at 1749 cm' 1 
(ester carbonyl), 1653 cm"1 (amide), and 1212 cm"1 (ester C-O), 6 7 Figure 
2.3(a). Presence of the nanolayer only at the surface was confirmed by 
the absence of the Si(2p) peak from the underlying silicon substrate. 
Pulsed Plasma Polymers) Contact Elemental Composition 
Angle / ° 
C % N% 0 % 
A/-acryloylsarcosine methyl ester 48.1 ± 63.1 ± 9.9 ± 26.9 ± 
3.2 1.3 0.4 1.4 
Theoretical N/A 64 9 27 
A/-acryloylsarcosine methyl ester 
Glycidyl methacrylate 58.4 ± 68.9 ± - 31.3 ± 
1.3 1.4 1.3 
Theoretical glycidyl methacrylate N/A 70 0 30 
A/-acryloylsarcosine methyl ester 49.4 ± 63.1 ± 9.9 ± 26.9 ± 
+ Glycidyl methacrylate 4.2 0.5 0.3 0.7 
Table 2.3 Contact angle and XPS elemental composition of pulsed 
plasma deposited poly(A/-acryloylsarcosine methyl ester), poly(glycidyl 
methacrylate), and poly(A/-acryloylsarcosine methyl ester) deposited on 
top of poly(glycidyl methacrylate). 
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Figure 2.2 C(1s) XPS peak fitting of pulsed plasma deposited: (a) 20 
nm poly(A/-acryloylsarcosine methyl ester) protein-resistant layer; (b) 300 
nm poly(glycidyl methacrylate) protein-binding layer; and (c) 20 nm 
poly(/V-acryloylsarcosine methyl ester) on top of a 300 nm poly(glycidyl 
methacrylate) layer. 
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Figure 2.3 Infrared spectra of pulsed plasma deposited: (a) 20 nm 
poly(A/-acryloylsarcosine methyl ester) protein-resistant layer; (b) 300 nm 
poly(glycidyl methacrylate) protein-binding layer; and (c) 20 nm poly(/V-
acryloylsarcosine methyl ester) on top of a 300 nm poly(glycidyl 
methacrylate) layer. 
908 cm 
(a) \ 
-1 842 cm 
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A similar trend is observed for the pulsed plasma deposited poly(glycidyl 
methacryiate) protein-binding layer, where XPS stoichiometry closely 
resembles the monomer composition, Table 2.3. C(1s) peak fitting 
displays five environments: C_xHy (285.0, eV, A), C-C=0 (285.7 eV, K ) , O-
C-C-0 (286.7 eV, p), epoxide carbons (287.2 eV, (p), and 0-C=0 (289.1 
eV, TT), Figure 2.2(b). Infrared spectroscopy indicates fingerprint 
absorption bands at 1728 cm' 1 (ester carbonyl), 908 cm' 1 (antisymmetric 
epoxide ring deformation), and 842 cm"1 (symmetric epoxide ring 
deformation), Figure 2.3 (b ) . 6 8 , 6 9 
Consecutive pulsed plasma deposition of a 300 nm thick 
poly(glycidyl methacryiate) layer followed by 20 nm of poly(/V-
acryloylsarcosine methyl ester) in the absence of cross-contamination 
was verified by infrared spectroscopy, and C(1s) XPS spectra peak fitting, 
Figure 2.2(c) and 2.3(c) respectively. 
The antisymmetric epoxide ring deformation (908 cm"1) and 
symmetric epoxide ring deformation (842 cm"1) of poly(glycidyl 
methacryiate) are clearly visible, as well as the characteristic amide 
(1653 cm"1) band of poly(A/-acryloylsarcosine methyl ester). The XPS 
C(1s) spectra environments, elemental composition, and contact angle 
values of this bilayer stack were measured to be identical to those 
obtained for poly(/v-acryloylsarcosine methyl ester), Table 2.3. 
A regular 5 x 5 array of epoxide functionalities exposed through 
the protein-resistant layer was created by rastering an SPM tip across the 
bilayer surface to scratch either 500 nm x 500 nm squares or 5 urn x 5 
urn squares, Figures 2.4(a) and (b), respectively. Exposure of these 
functionally patterned surfaces to solutions containing Protein I and then 
complementary fluorescent Protein II verified that protein attachment to 
the exposed epoxide functionalities occurs in the correct configuration, 
Table 2.2 and Figures 2.4 (c) - (d). 
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Figure 2.4 AFM micrographs of 5 x 5 arrays of exposed epoxide 
functionalities surrounded by a protein-resistant background: (a) 500 nm 
x 500 nm squares, and (b) 5 urn x 5 urn squares. Corresponding 
fluorescence images following immersion of the functional array in Protein 
I, and then complementary fluorescent Protein II, are shown in (c) and 
(d), respectively. 
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Similarly, an alternating pattern of immobilized Protein I and Protein III, 
was prepared by concurrently puncturing the protein-resistant poly(/V-
acryloylsarcosine methyl ester) top layer and delivering the respective 
protein solution using a robotic microarrayer pin. Subsequent immersion 
in fluorescent Protein II solution displayed binding to Protein I only, Figure 
2.5(a), whereas exposure of the protein array to fluorescent Protein IV 
solution gave rise to exclusive binding to Protein III spots, Figure 2.5(b). 
• 
lOOpm 100M m 
Figure 2.5 Fluorescence images of an alternating pattern of Protein I 
and Protein III after exposure to: (a) Protein II; and (b) Protein IV (scale 
bar is 100 urn). 
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2.3.2 DNA Arrays 
XPS elemental analysis and C(1s) peak fitting of pulsed plasma 
deposited poly(glycidyl methacrylate) and poly(allylmercaptan) films was 
found to be in good agreement with the theoretical precursor 
compositions, Table 2.4 and Figure 2.6(a) and (b) respectively. 3 0 , 6 8 
Pulsed plasma deposition of a 300 nm thick poly(allylmercaptan) 
DNA binding layer, followed by a 20 nm thick poly(glycidyl methacrylate) 
non-binding film was verified by C(1s) XPS spectra peak fitting, elemental 
composition, and contact angle values of the bilayer stack matching 
poly(glycidyl methacrylate), Table 2.4, and Figure 2.6(c). 
Pulsed Plasma Polymer(s) Contact 
Angle / ° 
Elemental Composition 
C % S % 0 % 
Allylmercaptan 83.2 ± 4.5 72.4 ± 2.2 27.6 ± 
2.2 
0 
Theoretical allylmercaptan N/A 75 25 0 
Glycidyl methacrylate 59.5 ±2.3 66.9 ± 1.1 0 33.1 ± 
1.1 
Theoretical 
glycidyl methacrylate 
N/A 70 9 30 
Glycidyl methacrylate + 
allylmercaptan 
61.5 ±2.3 66.6 ± 0.3 0 33.3 ± 
0.6 
Table 2.4 Experimental contact angle and composition of pulsed 
plasma deposited poly(allylmercaptan), poly(glycidyl methacrylate), and 
poly(glycidyl methacrylate) pulsed plasma deposited onto 
poly(allylmercaptan). 
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Figure 2.6 C(1s) XPS peak fitting of pulsed plasma deposited: (a) 20 
nm poly(glycidyl methacrylate); (b) 300 nm poly(allylmercaptan); and (c) 
20 nm poly(glycidyl methacrylate) on top of a 300 nm 
poly(allylmercaptan) layer. 
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A regular 5 x 5 array of exposed thiol functionalities was created by 
rastering an SPM tip to scratch either 5 urn x 5 um or 500 nm x 500 nm 
squares, Figure 2.7(a) and (b), respectively. Exposure of these patterned 
surfaces to thiol terminated, Cy5 tagged, oligonucleotide demonstrated 
the reactivity of the exposed poly(allylmercaptan) pixels, Figure 2.7(c) 
and (d), respectively. Clearly, such arrays can be utilised for DNA 
hybridization re-writing as applications by using previously reported 
protocols.3 0 
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Figure 2.7 AFM micrographs showing a 5 x 5 array of exposed thiol 
functionalities surrounded by epoxide background: (a) 500 nm x 500 nm 
squares, and (b) 5 pm x 5 um squares. Corresponding fluorescence 
images following immersion in Cy5 tagged thiol terminated DNA are 
shown in (c) and (d) respectively. 
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2.4 Discussion 
A functional protein array typically comprises a series of protein spots 
immobilized onto a solid surface whilst retaining biological 
functionality.6,7,8 Numerous approaches have been devised to facilitate 
this,7 0 including covalent attachment to activated surfaces through 
reactive linker groups,71, 7 2 gel-coated slides 7 3 and affinity capture of 
proteins via biomolecular interactions.74 However, all of these methods 
suffer from either restriction to the utilisation of only one protein,75 or the 
limitation of non-specific protein adsorption onto the surrounding 
background7 6 , 7 7 leading to a reduction in background fluorescence (rather 
than complete elimination of non-specific protein binding). The molecular 
scratchcard protein arrays described utilise a bifunctional nanolayer stack 
comprising a 20 nm pulsed plasma deposited poly(/V-acryloylsarcosine 
methyl ester) protein-resistant top coating67 and a 300 nm pulsed plasma 
deposited poly(glycidyl methacrylate) underlayer containing reactive 
epoxide groups amenable to binding primary amine groups belonging to 
the protein7 8 , 7 9 via nucleophilic attack. It has been shown that the top 
layer can be pierced using a robotic microarrayer pin to concurrently 
deliver approximately 1 nl droplets of protein solution direct to the 
underlying reactive epoxide surface. Retention of protein functionality has 
been demonstrated by generating an alternating array of Protein I and 
Protein III, which bind selectively to fluorescently labelled Protein II8 0 and 
Protein IV,81 respectively, Figure 2.5. An important attribute of this 
nanolayered functional stack is that it benefits from low background 
fluorescence due to the elimination of non-specific protein adsorption as a 
consequence of the protein-resistant top layer. In a similar fashion, the 
utilisation of an SPM probe tip can provide much smaller (higher density) 
arrays, Figure 2.4. The variation of spot intensity of the high density 
arrays is a consequence of the pixels being at slightly different focal 
lengths due to uneven sample mounting. The variation in pixel shape is 
an artefact resulting from the lack of a closed loop scanner in the 
multimode scanner leading to poor linearity. Further variants could 
include the marrying of this molecular scratchcard concept with dip pen 
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nanolithography. Also, smaller scale features are feasible by utilising 
sharper SPM tips (e.g. carbon nanotubes). 
To demonstrate the versatility of molecular scratchcards, the 
immobilization of deoxyribonucleic acid (DNA) has also been performed. 
The fabricated molecular scratchcard DNA array utilises a dual nanolayer 
stack comprising a 300 nm pulsed plasma poly(allylmercaptan) 
underlayer possessing reactive thiol groups amenable to binding to thiol 
terminated DNA strands, and a 20 nm pulsed plasma top-coating of 
poly(glycidyl methacrylate), which does not bind to thiol terminated DNA 
under the applied reaction conditions (thus acting as a passivation layer). 
Selective removal of the poly(glycidyl methacrylate) outer layer exposes 
the underlying thiol linker groups. Fluorescently tagged thiol terminated 
DNA strands have been shown to readily react with these sites via di-
sulfide bridge formation. Such immobilized DNA strands can then 
undergo hybridization with their complementary strands.3 0 
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2.5 Conclusions 
Pulsed plasmachemical nanolayering is a relatively straightforward 
method for the fabrication of multilayer functional stacks. Sequential 
deposition of a reactive layer and then a passivation layer, followed by 
selective localized unveiling of the underlying reactive groups by piercing 
the passive top layer has been shown to be an effective way of preparing 
protein and oligonucleotide arrays. 
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CHAPTER 3 
RE-WRITABLE SUGAR ARRAYS 
FOR FUNCTIONAL GLYCOMICS 
3.1 Introduction 
Sugar-protein interactions mediate a whole host of biological systems 
including those responsible for viral infection,1,2 cancer metastasis,3 ,4 
peptide conformation,5 enzyme activity,6 cell-cell recognition,7,8 cell 
adhesion 9 , 1 0 and cell development.11 The current techniques utilised to 
monitor these interactions include electrospray ionisation mass 
spectrometry,12 fluorescence microscopy,13 chromatography,14 X-ray 
crystallography15,16 and NMR.17 Although well understood, these methods 
can be time consuming, expensive and technically demanding. An 
alternative low cost, high-throughput diagnostics solution is to screen 
molecular arrays of sugars in a similar mode d'emploi to DNA 1 8 , 1 9 , 2 0 and 
protein 2 1 , 2 2 , 2 3 chips. 
Two generic approaches exist to facilitate the prerequisite sugar 
immobilization. Firstly there is non-covalent attachment to the substrate, 
which includes thiol terminated sugar self assembled monolayers (SAMs) 
on gold, 2 4 , 2 5 , 2 6 Diels-Alder coupling of sugar-cyclopentadiene conjugates 
to bezoquinone SAMs, 2 7 , 2 8 hydrophobic attachment of C 1 3 - C15 saturated 
alkyl terminated sugars to polystyrene microtiter plates 2 9 , 3 0 , 3 1 , 3 2 arraying 
onto nitrocellulose membranes,33 and electrostatic immobilization.34 
Alternatively there is direct covalent immobilization of modified sugars 
onto functionalized glass S | j d e s 3 5 , 3 6 , 3 7 , 3 8 , 3 9 , 4 0 , 4 1 , 4 2 or silicon. 4 3 , 4 4 However, 
many of these approaches suffer from drawbacks such as poor shelf-life 
e.g. SAM's , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 attributable to oxidation and desorption processes 
of the Au-S bond at the gold surface,4 5 the dependency of electrostatic 
attractions upon molecular s ize , 3 3 , 3 4 limiting the possible range of 
immobilized sugars 4 6 and the substrate dependant nature of the specific 
covalent attachment chemistries35"44 prohibiting application to a wide 
range of materials. 
In this study two substrate independent plasmachemical 
methodologies for the fabrication of re-writable sugar micro-arrays based 
on disulfide bridge formation between glycomethanethiosulfonate47,48,49 
terminated sugars and thiol functionalized pulsed plasma deposited 
poly(allylmercaptan) nanolayers 5 0 Figure 3.1, or alternatively Schiff base 
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imine51 formation between the aldehyde terminus present in reducing 
sugars and surface amine groups presented by pulsed plasma deposited 
poly(4-vinylaniline) nanolayers, Figure 3.2 
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Figure 3.1 Glycomethanethiosulfonate functionalization of pulsed 
plasma deposited poly(allylmercaptan). 
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Figure 3.2 D-Maltose functionalization of pulsed plasma deposited 
poly(4-vinylaniline). 
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In addition, the utilisation of a molecular scratchcard comprising upper 
protein-resistant nanolayers deposited over a sugar binding layer for the 
detection of protein-sugar interactions is demonstrated, Figure 3.3. Finally 
a multiplex surface is created for binding of different sugars by sequential 
deposition of different functionalities through a mask, Figure 3.4. 
| Monomer A 
Monomer B 
• 
i Scratching 
Figure 3.3 Molecular scratchcard fabrication followed by SPM tip 
scratching where monomer A is sugar binding and monomer B is protein 
resistant. 
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Figure 3.3 Formation of multi-functional surface via an embossed grid 
to immobilize biologically differing sugars 
3.2 Experimental 
3.2.1 Plasmachemical Nanolayering 
Plasma polymerization was carried out in a cylindrical glass reactor (4.5 
cm diameter, 460 cm 3 volume) located inside a Faraday cage and 
evacuated by a 30 L min"1 rotary pump via a liquid nitrogen cold trap (2 x 
10~3 mbar base pressure and better than 1.2 x 10~9 mol s"1 leak rate). A 
copper coil (4 mm diameter, 10 turns, located 15 cm away from the 
precursor inlet) was connected to a 13.56 MHz radio frequency supply via 
an LC matching network. System pressure was monitored with a Pirani 
gauge. All fittings were grease free. During pulsed plasma deposition, the 
RF source was triggered by a signal generator, and the pulse shape 
monitored with an oscilloscope. Prior to each experiment the apparatus 
was scrubbed with detergent, rinsed with propan-2-ol, and oven dried. 
Further cleaning entailed running a 40 W continuous wave air plasma at 
0.2 mbar pressure for 20 min. At this stage, each monomer was loaded 
into a sealable glass tube and further purified using multiple freeze-pump-
thaw cycles. The substrate of interest was placed into the centre of the 
reactor, and the system evacuated to base pressure. For each functional 
monomer, a continuous flow of vapour was introduced via a fine needle 
control valve at a pressure of 0.2 mbar and 2.2 x 10~7 mol s"1 flow rate for 
5 min prior to electrical discharge ignition. Optimum pulsed plasma duty 
cycle parameters for each precursor are listed in Table 3.1. Upon 
completion of deposition, the RF power source was switched off and the 
monomer allowed to continue to purge though the system for a further 5 
min prior to evacuation to base pressure and venting to atmosphere. 
Multiplex surface generation entailed embossing a grid (2000 Mesh, 
Agar) at 400MPa for 10s onto pulsed plasma deposited poly(4-
vinyalaniline), followed by the deposition of allylmercaptan and grid 
removal to leave 10 urn pulsed plasma deposited poly(allylmercaptan) 
squares separated via 2 urn pulsed plasma deposited poly(4-vinylaniline) 
bars. 
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Precursor Reactor Pulse Duty Cycle / Deposition 
Temp / °C MS Rate / nm 
min"1 
Time On Time Off 
Allylmercaptan 22 100 4000 10 
(+80%, Sigma-Aldrich) 
4-vinylaniline 40 100 4000 20 
(+97%, Sigma-Aldrich) 
A/-acryloylsarcosi ne 50 20 5000 9 
methyl ester 
(+97%, Lancaster) 
Table 3.1 Optimum parameters for pulsed plasma polymerization of 
each monomer. 
3.2.2 Sugar Functionalization 
Sugar microarrays were fabricated using a robotic microarrayer (Genetix 
Inc) equipped with 1 nl_ delivery micro-machined pins. Sugar solutions of 
A and B were spotted onto pulsed plasma poly(allylmercaptan) and (4-
vinylaniline) coated glass slides (18 x 18 * 0.17 mm, BDH) respectively, 
Table 3.2. Circular spots with diameters ranging from 100 to 125 urn 
could be routinely obtained. After spotting, the slides of immobilized sugar 
A and B were kept in a humidity chamber for 12 h at 32 °C and 36 h at 70 
°C respectively. The slides were subsequently washed with CHES buffer, 
CHES buffer diluted to 50% v/v with de-ionized water, and twice with de-
ionized water. 
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Sugar Concentration Label 
B-D-galacto- 1um in 70mM CHES buffer A 
methanethiosulfonate (+99%, Sigma Aldrich) 
(Ben Davis, 
Oxford University) 
D-Maltose 1 pm in Formamide B 
(+90%, Sigma-Aldrich) (Sigma-Aldrich) 
Table 3.2 Sugar solutions employed in this study. 
Microarrays of sugar A and B were exposed to a complementary solution 
of Protein I (20 ug mL"1 in phosphate buffered saline) and Protein II (20 
ug mL"1 in phosphate buffered saline) respectively for 60 min at room 
temperature followed by successive rinses in phosphate buffered saline, 
phosphate buffered saline diluted to 50% v/v with de-ionized water, and 
finally washed twice with de-ionized water, Table 3.3. 
Protein Fluorophore Label 
Peanut Agglutinin Alexa Fluor 488 Protein 
(Molecular Probes) I 
Concanavalin A Alexa Fluor 647 Protein 
(Molecular Probes) II 
Table 3.3 Proteins and their associated fluorophores employed in this 
study. 
Stripping of bound sugars A and B from the pulsed plasma 
poly(allylmercaptan) and poly(4-vinylaniline) respectively was 
investigated by placing the chips in a boiling solution of 200 nM TrisCI pH 
7.0, 0.03 M S S C and 0.1% (w/v) SDS for 10 min. Followed by re-
immobilization according to the above protocols. 
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Sugar immobilization onto a multiplex surface formed via deposition 
though a grid entailed exposure to sequential solutions of sugar A and B 
for 12 h at 32 °C and 36 h at 70 °C respectively The slides were 
subsequently washed with CHES buffer, CHES buffer diluted to 50% v/v 
with de-ionized water, and twice with de-ionized water. Functionalized 
multiplex surfaces were subsequently exposed to a complementary 
solution of Protein I and Protein II (20 ug mL"1 per protein in phosphate 
buffered saline) for 60 min at room temperature followed by successive 
rinses in phosphate buffered saline, phosphate buffered saline diluted to 
50% v/v with de-ionized water, and finally washed twice with de-ionized 
water. 
Sugar immobilization via a molecular scratchcard entailed 
mounting a bilayer stack comprising of 20 nm pulsed plasma deposited 
poly(/v- acryloylsarcosine methyl ester) on top a 300 nm pulsed plasma 
deposited binding layer, onto an atomic force microscope stage (Digital 
Instruments Nanoscope III control module, extender electronics, and 
signal access module, Santa Barbara, CA). The protein-resistant pulsed 
plasma poly(A/-acryloylsarcosine methyl ester) top layer was scratched 
away using a tapping mode tip (Nanoprobe, spring constant 42 - 83 Nm"1) 
applied in contact mode. The movement of the tip in the x, y, and z plane 
was controlled by Veeco Nanolithography Software (Version 5.30r1). The 
patterned molecular scratchcard was immersed in a solution of sugar A or 
B for 12 h at 32 °C or 36 h at 70 °C respectively followed by successive 
rinses in CHES buffered, CHES buffer diluted to 50% v/v with de-ionized 
water, and twice with de-ionized water. Functionalized molecular 
scratchcards were then exposed to a complementary solution of Protein I 
(20 ug mL"1 in phosphate buffered saline) and Protein II (20 ug mL"1 in 
phosphate buffered saline) respectively for 60 min at room temperature 
followed by successive rinses in phosphate buffered saline, phosphate 
buffered saline diluted to 50% v/v with de-ionized water, and finally 
washed twice with de-ionized water. 
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3.2.3 Surface Characterization 
X-ray photoelectron spectroscopy (XPS) was undertaken using an 
electron spectrometer (VG ESCALAB MK II) equipped with a non-
monochromated Mg Ken,2 X-ray source (1253.6 eV) and a concentric 
hemispherical analyser. Photo-emitted electrons were collected at a 
take-off angle of 30° from the substrate normal, with electron detection in 
the constant analyser energy mode (CAE, pass energy = 20 eV). The 
XPS spectra were charge referenced to the C(1s) peak at 285.0 eV and 
fitted with a linear background and equal full-width-at-half-maximum 
(FWHM) Gaussian components52 using Marquardt minimization computer 
software. Instrument sensitivity (multiplication) factors derived from 
chemical standards were taken as being C(1s): S(2p): 0(1 s): N(1s): 
equals 1.00: 0.52: 0.63:0.45. 
Fourier transform infrared (FTIR) analysis of the films was carried 
out using a Perkin-Elmer Spectrum One spectrometer equipped with a 
liquid nitrogen cooled MCT detector operating across the 700 - 4000 cm"1 
range. Reflection-absorption (RAIRS) measurements were performed 
using a variable angle accessory (Specac) set at 86° on an Au substrate 
in conjunction with a KRS-5 polarizer fitted to remove the s-polarized 
component. All spectra were averaged over 10,000 scans at resolution of 
1 cm"1. 
Contact angle analysis of the plasma-deposited films was carried 
out with a video capture system (ASE Products, model VCA2500XE) 
using 2.0 uL droplets of de-ionized water. 
Film thickness measurements were carried out using an nkd-6000 
spectrophotometer (Aquiia Instruments Ltd). Transmittance-reflectance 
curves (over the 350-1000 nm wavelength range) were fitted to the 
Cauchy model for dielectric materials using a modified Levenburg-
Marquardt method.53 
AFM micrographs of each surface were acquired in tapping 
mode5 4 operating in air at room temperature (Digital Instruments 
Nanoscope III control module, extender electronics, and signal access 
module, Santa Barbara, CA). 
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Fluorescence microscopy was performed using an Olympus IX-70 
system (DeltaVision RT, Applied Precision, WA). Image data was 
collected using excitation wavelengths at 490 nm and 633 nm. 
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3.3 Results 
3.3.1 Sugar Microarrays 
Evidence for di-sulfide bridge formation required for B-D-galacto-
methanethiosulfonate immobilization and Schiff base imine formation in 
the case of D-maltose immobilization onto solid supports for microarrays, 
was obtained using XPS, FT-IR and fluorescence studies. 
XPS characterization of the pulsed plasma deposited 
poly(allylmercaptan) and poly(4-vinylaniline) nano-layers, with close 
resemblance to the theoretical composition calculated from the monomer 
structure, was confirmed by the presence of the nanolayer only at the 
surface, with no Si(2p) signal from the underlying silicon substrate 
showing through, Table 3.4. Further confirmation of the high level of 
retained functionality was evident from the C(1s) spectra of the pulsed 
plasma deposited poly(allylmercaptan), Figure 3.5(b), and the three C(1s) 
spectra environments of pulsed plasma deposited poly(4-vinylaniline) 
including: aromatic CgHy (284.7 eV, A), C^Hy (285.0 eV, K) and C-N (285.9 
eV, TT), Figure 3.6(b) 
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Pulsed Plasma Contact Elemental Composition 
Polymer(s) Angle / ° 
C % N% 0 % S % 
/V-acryloylsarcosine 51.7 ±2.6 63.9 ± 9.6 ± 26.5 ± -
methyl ester 1.9 0.7 1.4 
Theoretical N/A 64 9 27 -
A/-acryloylsarcosine 
methyl ester 
Allylmercaptan 81.5 ±1.2 73.5 ± - - 26.5 ± 
1.4 1.4 
Theoretical N/A 75 0 0 25 
allylmercaptan 
/V-acryloylsarcosine 52.6 ±1.9 64.0 ± 9.7 ± 26.3 ± -
methyl ester + 0.6 0.5 0.6 
allylmercaptan 
4-vinylaniline 71.1 ±1.9 87.8 ± 12.3 ± - -
0.2 0.2 
Theoretical N/A 88.8 11.2 - -
4-vinylaniline 
A/-acryloylsarcosine 52.7 ± 3.2 64.8 ± 9.6 ± 25.6 ± 
methyl ester + 1.1 0.4 1.4 
4-vinylaniline 
Table 3.4 Contact angle and XPS elemental composition of pulsed 
plasma deposited poly(/V-acryloylsarcosine methyl ester), 
poly(allylmercaptan), poly(4-vinylaniline) and poly(A/-acryloylsarcosine 
methyl ester) deposited on top of poly(allylmercaptan) or 
poly(4-vinylaniline). 
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Figure 3.5 C(1s) XPS peak fitting of pulsed plasma deposited: (a) 20 
nm poly(A/-acryloylsarcosine methyl ester) protein resistant layer; (b) 300 
nm poly(allylmercaptan) GMS binding layer, and (c) 20 nm poly(A/-
acryloylsarcosine methyl ester) on top of a 300 nm poly(allylmercaptan). 
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Figure 3.6 C(1s) XPS peak fitting of pulsed plasma deposited: (a) 20 
nm poly(A/-acryloylsarcosine methyl ester) protein resistant layer; (b) 300 
nm poly(4-vinylaniline) D-Maltose binding layer; and (C) 20 nm poly(A/-
acryloylsarcosine methyl ester) on top of a 300 nm poly(4-vinylaniline). 
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Further confirmation of the high level of functional retention was evident 
from infrared spectroscopy. Allylmercaptan precursor displays 
absorbance corresponding to allyl C-H stretching (3080 cm"1), allyl CH2 
stretching (3031 cm"1), alkyl C H 2 stretching (2891 cm"1), thiol S-H 
stretching (2555 cm"1) and allyl C=C stretching (1634 cm"1), Figure 3.7(a). 
All of these features are clearly discernable following pulsed plasma 
polymerization, except for the allyl carbon-carbon double bond stretches, 
which have disappeared as a consequence of polymerization, Figure 
3.7(b). Exposure to B-D-galacto-methanethiosulfonate gives rise to an 
attenuation of the thiol S-H stretch (2555 cm'1) and appearance of the OH 
stretch (3300 cm'1) which can be taken as being indicative of di-thiol 
formation between sugar and surface, Figure 3.7(c) 
The characteristic infrared bands for the 4-vinylaniline monomer 
are: asymmetric amine stretching (3440 cm"1), symmetric amine 
stretching (3350 cm"1), aromatic CH stretching (3090 cm"1), ring 
summation (1880 cm"1), C=C stretching (1625 cm"1), NH2 deformations 
(1615 cm"1), para substituted aromatic ring stretching (1500 cm"1), =CH 2 
deformations (1415 cm"1), aromatic C-N stretching (1300 cm"1), para 
substituted benzene ring stretching (1170 cm"1), HC=CH trans wagging 
(990 cm"1), =CH 2 wagging (910 cm"1) and NH2 wagging (850 cm"1) 5 5 , 
Figure 3.8(a). All of these features are clearly discernible following pulsed 
plasma polymerization, except for the vinyl carbon-carbon double bond 
features, which disappear during polymerization, Figure 3.8(b). 
Subsequent exposure to D-maltose leads to an attenuation of the amine 
IMH2 wag (850 cm"1), NH2 deformation (1615 cm"1) intensities; also there is 
the appearance of OH stretching (3250 cm"1) and C=N stretching (1630 
cm'1) stretches due to Schiff base imine formation between the sugar and 
poly(4-vinylaniline), Figure 3.8(c). The NH2 wag, bend and para 
substituted aromatic ring stretching (1500 cm"1) are still visible as they 
remain present in the bulk of the nano-film. 
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Figure 3.7 Infrared spectra of: (a) allylmercaptan monomer; (b) pulsed 
plasma polymerised poly(allylmercaptan); and (c) B-D-galacto-
methanethiosulfonate bound to poly(allylmercaptan). 
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Figure 3.8 Infra red spectra of: (a) 4-vinylaniline monomer; (b) pulsed 
plasma deposited poly(4-vinyalaniline); and (c) D-maltose bound to 
poly(4-vinylaniline). 
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Retention of the sugar biological specificity upon immobilization onto a 
pulsed plasma deposited binding nanolayer was verified by fluorescence 
studies. This indicated selective binding of Protein I to regions of 
immobilized (3-D-galacto-methanethiosulfonate, Figure 3.9(a), and 
selective binding of Protein II to regions of D-maltose, Figure 3.9(b). 
• • p § 0 
• • • 1 * 4 
• • • 
100pm 
» • 
Figure 3.9 Fluorescent image of a micro-spotted array of (a) p-D-
galacto-methanethiosulfonate array after exposure to complementary 
Protein I and (b) D-maltose array after exposure to complementary 
Protein II. 
The potential for reusability of these sugar microarrays was investigated 
by using high-stringency washes to remove immobilized sugars from the 
surface. The removal of the immobilized sugar by stripping was followed 
by repeat immobilization procedures. The fluorescent intensity remained 
approximately constant for the five prints for both p-D-galacto-
methanethiosulfonate and D-maltose immobilized arrays as a function of 
times the surface bound sugars are stripped, Figure 3.10(a) and (b) 
respectively. 
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Figure 3.10 Fluorescence intensity following stripping and re-
immobilization of: (a) B-D-galacto-methanethiosulfonate after exposure to 
Protein I; and (b) immobilization of D-maltose after exposure to Protein II. 
The fluorescence signal dropped to the background level for each fully 
stripped/denatured sample in rewriting of the respective sugar. 
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3.3.2 Sugar Molecular Scratchcards 
The viability of plasmachemical nanolayering for the fabrication of a 
molecular scratchcard entailed the pulsed plasma deposition of a 
poly(allylmercaptan) B-D-galacto-methanethiosulfonate binding layer or a 
poly(4-vinylaniline) D-maltose binding layer; followed by the overcoating 
of a 20 nm poly(A/-acryloylsarcosine methyl ester) film. The absence of 
cross contamination was verified by the measured X P S elemental 
composition and contact angles for each bilayer stack matching those of 
the bilayer stack poly(/v-acryloylsarcosine methyl ester), Table 3.4 
Further evidence is provided from the C(1s) peak fitting of the poly(/V-
acryloylsarcosine methyl ester) protein resistant layer deposited onto 
poly(allylmercaptan) and poly(4-vinylaniline) matching that of poly(/V-
acryloylsarcosine methyl ester) with six C(1s) spectra environments 
present in both: C * H y (285.0 eV, a), C -C= 0 (285.7 eV, p), C-N (286.2 eV, 
E), C - 0 (286.6 eV, u), N-C=0 ( 288.0 eV, 5), 0 - £ = 0 (289.3 eV, 9), Figure 
3.5(c) and 3.6(c). 
Subsequent rastering of an SPM tip to scratch 1 urn x 1 urn 
squares was used to create a regular 4 x 4 array of exposed 
sugar functionalities, Figure 3.11. Exposure to B-D-galacto-
methanethiosulfonate and Protein I demonstrates the reactivity of the thiol 
pixels whilst sequential exposure to D-maltose and Protein II exemplifies 
the reactivity of the exposed amine pixels, Figure 3.11 
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Figure 3.11 AFM micrographs of a 4 x 4 array surrounded by a protein-
resistant background: (a) thiol functionalities; and (B) amine 
functionalities. The corresponding fluorescence images following: (c) (3-D-
galacto-methanethiosulfonate and Protein I; and (d) D-maltose and 
Protein II. 
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3.3.3 Multiplex Patterning 
Sequential pulsed plasma deposition of poly(4-vinylaniline) followed by a 
poly(allylmercaptan) coating through an embossed grid gave rise to a 
bifunctional surface amenable to the immobilization of D-maltose and (3-
D-galacto-methanethiosulfonate. Retention of biological selectivity was 
demonstrated by exposure to a mixed solution of Protein I and Protein II. 
These indicated that upon exposure to a combined solution binding of 
Protein I is shown to occur to regions of B-D-galacto-
methanethiosulfonate functionalized poly(allylmercaptan), whilst binding 
of Protein II is exclusive to areas of D-maltose functionalized poly(4-
vinylaniline) Figure 3.12 (a) and (b). The high degree of sugar selectivity 
towards protein binding is evident from the absence of cross 
contamination between areas of alternating sugar functionalization, 
Figure 8(c). 
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Figure 3.12 B-D-galacto-methanethiosulfonate functionalized poly(ally-
mercaptan) squares and D-Maltose functionalized poly(4-vinylaniline) 
bars. Fluorescence microscopy following exposure to: (a) Protein I; (b) 
Protein II and (c) a mixture of Protein I and Protein II. 
76 
3.4 D iscuss ion 
The structural diversity of sugars allows for their participation in a plethora 
of biologically important events . 5 6 , 5 7 Glycomic arrays are a very powerful 
tool for gaining a biomolecular level of understanding of these complex 
systems. Therefore, it is essential to produce robust, reproducible sugar 
arrays tethered to solid substrates where sugar biological activity is 
maintained. Although numerous approaches have been developed for 
this purpose, these are known to either restrict the range of sugars which 
can be immobilized 3 2" 3 3 or suffer from non-transferable surface 
chemistries. 2 4 " 3 2 , 3 5 " 4 4 The described pulsed plasma chemical 
functionalization approach provides a substrate-independent scaffold for 
the immobilization of sugars This has been demonstrated by generating 
poly(allylmercaptan) thiol surfaces which readily undergo di-sulfide bridge 
formation with p-D-galacto-methanethiosulfonate58 and poly(4-vinylanilne) 
amine surfaces amenable to Schiff base imine formation with the 
aldehyde terminus of D-maltose. Retention of biological activity has been 
exemplified by the binding of the fluorescently labelled galactose binding 
lectin PNA (Protein i ) , 5 9 , 6 0 and maltose binding lectin concanavalin A 
(Protein I I ) , 6 1 , 6 2 Figure 3.9. The change in spot size is a result of the print 
pitch (distance between spot centres) being altered between samples. 
The use of a sequential depositions of poly(allylmercaptan) and 
poly(4-vinylaniline) to create a multiplex surface comprising 10 urn 
poly(allylmercaptan) squares separated by 2 urn poly(4-vinylaniline) bars 
has been shown to be effective for selective sugar immobilization, with 
retention of respective biological selectivity, Figure 3.12. 
An alternative approach for patterning protein onto solid surfaces 
has entailed creating molecular scratchcards. This type of nanolayered 
functional stack benefits from low background fluorescence due to the 
elimination of non-specific protein adsorption as a consequence of the 
protein-resistant top layer. 6 3 Bilayer stacks comprising off 20 nm pulsed 
plasma protein resistant poly(A/-acryloylsarcosine methyl ester) on top of 
pulsed plasma poly(allylmercaptan) or pulsed plasma poly(4-Vinylaniline) 
underlayers were fabricated. Subsequent removal of the protein resistant 
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top layer to reveal reactive thiol or amine groups was carried out using an 
SPM tip, followed by immobilization with either (3-D-galacto-
methanethiosulfonate or D-maltose. In each case, retention of biological 
selectivity was demonstrated by the binding of fluorescent Proteins I and 
II respectively, Figures 3.11. 
The regeneration/reusability of the functional surfaces was 
confirmed by subjecting the chips to the conditions of standard stripping 
and then rewriting the sugar micro-arrays without significant loss of 
immobilization binding efficiencies, Figure 3.10. Therefore, in principle, 
multiple sugar probes can be patterned simultaneously or consecutively 
onto a surface using a simple robotic liquid-delivering system, in the 
absence of cross-contamination between different probes. An array-
manufacturing process employing this chemistry could be easily 
automated and scaled up. 
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3.5 Conclus ions 
Thiol and amine functionalized pulsed plasma nanolayers can be utilised 
for the immobilization of sugars amenable to protein binding. The 
sequential deposition of a reactive layer and then a passivation layer, 
followed by localized mechanical unveiling of the underlying reactive 
groups by piercing the passive top layer has been shown to be an 
effective way of preparing sugar arrays surrounding by a protein-
resistant background. The reported thiol and amine functionalized 
nanolayers have been found to be highly stable towards stripping and re-
writing of sugar arrays. 
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CHAPTER 4 
DIGITAL MOLECULAR INFORMATION LAYERS 
FOR SENSORS AND DIAGNOSTICS 
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4.1 Introduction 
Intelligent diagnostic devices provide high-throughput analysis 
for combinatorial chemistry, 1 , 2 , 3 genomics, 4 , 5 , 6 epigenomics 7 , 8 , 9 and 
proteomics. 1 0 , 1 1 , 1 2 A plethora of techniques have been devised for these 
purposes including fluorescence spectroscopy, 1 3 , 1 4 , 1 5 immunoassays, 1 6 , 1 7 , 1 8 
infrared spectroscopy, 1 9 , 2 0 , 2 1 mass spectrometry, 2 2 , 2 3 , 2 4 and nuclear magnetic 
resonance. 2 5 , 2 6 , 2 7 However the expense and technical expertise demanded 
by these methods precludes their application in most laboratories. An 
alternative method immobilizes biomolecules onto the surface of compact 
d i s c s , 2 8 , 2 9 , 3 0 , 3 1 , 3 2 • 3 3 , 3 4 1 3 5 providing a potential route for the development of 
high density diagnostic sensors. As compact discs are a globally accessible, 
inexpensive and durable medium this technique provides an economically 
attractive alternative to current methods. 
Described by ISO9660, 3 6 compact discs comprise a clear 1.2 mm 
thick polycarbonate substrate, a reflective metallized layer and a protective 
lacquer coating. Data is stored as a series of undulations, approximately 195 
nm in height, embossed onto one face of the polycarbonate substrate. These 
follow a thin, 500 nm spiral track from the centre of the disk outwards, with 
an aluminium coating deposited on top. A polarized laser (A = 780 nm) 
traverses over the compact disc and upon reaching an undulation zenith 
reflects onto a photodiode. Conversely when the laser reaches an undulation 
nadir the laser is reflected away from the photodiode, Figure 4.1(a). 
Recordable compact discs vary from standard compact discs by replacing 
the undulations with a thin film of photosensitive dye, placed over the 
aluminium layer, Figure 4.1(b). An additional, more powerful write-laser is 
used to record data by producing opaque islands in the transparent dye, 
when the laser traverses over the compact disc the opaque regions prevent 
laser reflections. The on/off nature of laser detection at the photodiode 
produces a binary output which can be converted, via suitable software, into 
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various formats. This method has allowed the compact disc to become a 
popular method of data storage. 3 7 
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Figure 4.1 Cross section showing laser reflections from: (a) a metal layer 
on a standard compact disc; and (b) a recordable compact disc. 
As the data in a compact disc is formed via the modulation of laser 
reflections as a function of height change in a series of undulations, it follows 
that the binding of an entity (biological or chemical) to the compact disc 
surface, when of sufficient size, may interfere with the optical transmission of 
this data. This is comparable to a stain on a compact disc encoded with 
music creating an error that may result in the data no longer being 
interpreted correctly i.e. as unintended audible clicks within a musical track. 
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It is these changes in data content, upon binding, that potentially allows 
compact discs to be utilised as diagnostic devices. However, a process is 
required to link the information stored in the compact disc to the molecular 
binding at the surface. To facilitate this a number of steps must be followed: 
1. Burning data onto a compact disc. 
2. Activation of compact disc surface to allow for 
attachment of suitable markers. 
3. Immobilization of a screening library onto the compact 
disc in a spatially addressed manner. 
4. Exposure to unknown biomolecules. 
5. Reading of data after molecular binding. 
6. Data visualisation to show if the information content has 
changed upon molecular binding in steps 3 and 4. 
Current methods devised to develop diagnostic compact discs involve 
prerequisite wet chemical modification steps of the polycarbonate surface. 
This limits the range of ligands that may be screened, 3 2 , 3 5 furthermore the 
use of templates to immobilize ligands in a uniform pattern can limit the 
biomolecule density on the surface. 3 4 , 3 5 In this study, pulsed plasma 
polymerization onto a compact disc, coupled with software development, has 
created a diagnostic device without the need for wet chemical modification 
and masks. 
The initial step of this method comprises burning into the compact 
disc, a series of tracks that each representing a different biomolecule. This is 
followed by the pulsed plasma deposition of glycidyl methacrylate to create a 
surface presenting reactive epoxy groups amenable to biomolecule 
binding. 3 8 , 3 9 At this stage the data is read by a standard CD-Rom drive to 
establish any changes that have occurred as a result of polymer formation. 
This step is followed by the inkjet deposition 4 0 , 4 1 , 4 2 of albumin bovine serum 
onto one half of the data tracks, and high purity water onto the remaining 
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half, followed by a further inkjet deposition where the positions of albumin 
bovine serum and high purity water are reversed. The compact disc is read 
after each inkjet deposition, monitoring any change in data. It is envisaged 
that the visualisations will show a change in data with albumin bovine serum 
due to interference with the optical transmission of the laser. 4 3 , 4 4 This 
change in data will be presented in a series of visualisations developed to 
display the extent and position of data change on the compact disc surface, 
throughout the process, Figure 4.2 
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Figure 4.2 Formation of a bio-molecular compact disc for molecular 
diagnostics. 
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4.2 Experimental 
4.2.1 Graphical User Interface Development 
A software package, known as CD-Mol, 4 5 was written in Java to provide a 
data pattern and subsequently read, interpret and display the data generated 
in a series of differing visualisations. The creation of data entailed burning an 
alternating sequence of buffer and data tracks into a recordable compact 
disc. Each data track is 1, 048, 576 bytes (1 MB) in size where each byte 
consists of an array of 8 consecutive alternating bits (0101010101) and each 
buffer track consists of 104, 857, 600 bytes (100 MB). The start of each track 
contains a header and sync to provide geographical identification. The 
compact disc was written with alternate buffer and data tracks, with an 
additional buffer track at the beginning and the end. This results in a total of 
13 tracks being written, Figure 4.3(a) 
Each data track was assigned one of six colours corresponding to the 
colours available on an inkjet printer (black, cyan, light cyan, magenta, light 
magenta and yellow). The data tracks were written in concentric circles and 
converted to a .jpg image to provide guidance for the inkjet printing, Figure 
4.3(b). A CD-R (Imation, 700 MB / 80 min) was loaded into a Toshiba DVD-
ROM SD-R1002 drive and each track was burned with a 780 nm diode laser 
contained within the DVD-ROM drive. The data layer pattern was confirmed 
by reading the data on the compact disc using the same DVD-ROM drive. 
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Figure 4.3 Patterned compact disc comprising of: (a) Alternating data and 
buffer tracks (data tracks in grey, buffer in white); and (b) the associated 
inkjet printer pattern designed to place a individual colour over each data 
track, from inside to out: light magenta, black, light cyan, yellow, magenta, 
cyan. 
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4.2.2 Plasmachemical Functionalization 
Plasma polymerization was carried out in a cylindrical glass reactor (16 cm 
diameter, 5000 cm 3 volume) located inside a Faraday cage and evacuated 
by a 30 L min"1 rotary pump via a liquid nitrogen cold trap (2 x 10"3 mbar base 
pressure and better than 5.6 x 10"9 mol s" 1 leak rate). A copper coil (4 mm 
diameter, 6 turns, located 23 cm away from the precursor inlet) was 
connected to a 13.56 MHz radio frequency supply via an L C matching 
network. System pressure was monitored with a Pirani gauge. All fittings 
were grease free. During pulsed plasma deposition, the R F source was 
triggered by a signal generator, and the pulse shape monitored with an 
oscilloscope. Prior to each experiment the apparatus was scrubbed with 
detergent, rinsed with propan-2-ol, and oven dried. Further cleaning entailed 
running a 40 W continuous wave air plasma at 0.2 mbar pressure for 20 min. 
At this stage, glycidyl methacrylate (+97%, Sigma-Aldrich) was loaded into a 
sealable glass tube and further purified using multiple freeze-pump-thaw 
cycles. The compact disc was placed into the centre of the reactor, and the 
system evacuated to base pressure. A continuous flow of glycidyl 
methacrylate vapour was introduced via a fine needle control valve at a 
pressure of 0.2 mbar and 8.2 x 10"8 mol s" 1 flow rate for 5 min prior to 
electrical discharge ignition. The optimum pulsed plasma duty cycle 
corresponded to 40 W peak power continuous wave bursts lasting 20 us and 
20 ms off. Upon completion of deposition, the R F power source was 
switched off and the monomer allowed to continue to purge though the 
system for a further 5 min prior to evacuation to base pressure and venting 
to atmosphere, Figure 4.4. 
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4.2.3 Bio-molecule Functlonalization 
Biomolecule immobilization onto the compact disc surface utilised a 
continuous ink supply system (Consumables Cafe) coupled to an EPSON 
R200 CD printer. Prior to use ink cartridges were drained and rinsed with 
high purity water. Cartridges 1, 2, 3 (light magenta, light cyan, black) were 
then filled with high purity water and cartridges 4, 5, 6 (yellow, magenta, 
cyan) filled with bovine serum albumin (BSA) 5 mg ml"1 in phosphate 
buffered saline (>96% Sigma-Aldrich) containing 20% v/v glycerol, and 
purged three times before use. The software generated pattern, Figure 4.3, 
was then printed onto the plasma coated compact disc resulting in high 
purity water printed onto data tracks 1, 2, 3 and BSA printed onto data tracks 
4, 5, 6. The compact disc was subsequently incubated in a controlled 
humidity chamber at 37°for 12 hours then washed in P B S containing 0.1% 
v/v Tween 20 (3 x 15 min), P B S solution (3 x 15min) and high purity water (3 
x 15 min) before finally being dried under a gentle flow of N 2. The data on the 
compact disc was once again read using the Toshiba DVD-ROM SD-R1002. 
The cartridges were then re-drained, rinsed three times with high purity 
water and cartridges 1, 2, 3 filled with BSA and 4, 5, 6 filled with high purity 
water. The same print image as before was used, however high purity water 
was printed over tracks 4, 5, 6 and BSA over tracks 1, 2, 3. The compact 
disc was read using the same Toshiba DVD-ROM drive. At each stage the 
data was read five times to reduce random error. 
4.2.4 Surface Characterization 
X-ray photoelectron spectroscopy (XPS) was undertaken using an electron 
spectrometer (VG ESCALAB MK II) equipped with a non-monochromated 
Mg Kcii,2 X-ray source (1253.6 eV) and a concentric hemispherical analyser. 
Photo-emitted electrons were collected at a take-off angle of 30° from the 
substrate normal, with electron detection in the constant analyser energy 
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mode (CAE, pass energy = 20 eV). The X P S spectra were charge 
referenced to the C(1s) peak at 285.0 eV and fitted with a linear background 
and equal full-width-at-half-maximum (FWHM) Gaussian components 4 6 
using Marquardt minimization computer software. Instrument sensitivity 
(multiplication) factors derived from chemical standards were taken as being 
C(1s): 0(1s) equals 1.00: 0.63. 
Fourier transform infrared (FTIR) analysis of the films was carried out 
using a Perkin-Elmer Spectrum One spectrometer equipped with a liquid 
nitrogen cooled MCT detector operating across the 700 - 4000 cm"1 range. 
Reflection-absorption (RAIRS) measurements were performed using a 
variable angle accessory (Specac) set at 86° on an Au substrate in 
conjunction with a KRS-5 polarizer fitted to remove the s-polarized 
component. All spectra were averaged over 516 scans at a resolution of 4 
cm"1. 
Contact angle analysis of the plasma-deposited films was carried out 
with a video capture system (ASE Products, model VCA2500XE) using 2.0 
pL droplets of de-ionized water. 
Film thickness measurements were obtained using an nkd-6000 
spectrophotometer (Aquila Instruments Ltd). Transmittance-reflectance 
curves (over the 350-1000 nm wavelength range) were fitted to the Cauchy 
model for dielectric materials using a modified Levenburg-Marquardt 
method. 4 7 
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4.3 Results 
4.3.1 Compact Disc Functionalization 
Evidence for the formation of a pulsed plasma poly(glycidyl methacrylate) 
nanolayer on a compact disc was obtained using FT-IR, X P S and contact 
angle measurements. The X P S elemental stoichiometry of the nanolayer 
closely resembles the predicted theoretical composition calculated from the 
monomer structure. Furthermore there was a decrease in the contact angle 
of the innate compact disc surface to one resembling the literature value of 
pulsed plasma poly(glycidyl methacrylate).4 8 Table 4.1. 
Substrate Surface Contact Elemental 
Angle / 0 Composition 
C % 0 % 
Compact Disc 95.3 ±1 .5 77.6 ± 0.6 22.3 ± 0.6 
Pulsed plasma deposited 58.4 ± 1 . 7 69.3 ± 1 . 5 30.6 ± 1 . 5 
poly(glycidyl methacrylate) 
on compact disc. 
Theoretical glycidyl methacrylate - 70 30 
Table 4.1 Contact angle and X P S elemental composition of compact disc 
surface and pulsed plasma poly(glycidy) methacrylate) deposited onto a 
compact disc surface. 
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Further confirmation of the high level of retained functionality was evident 
from peak fitting the C(1s) spectra. The observed environments were found 
to correspond closely with the five theoretical environments: CxH y (285.0 eV, 
a) , C-C=0 (285.7 eV, P), O-C-C-O (286.7 eV, 8), epoxide carbons (287.2 eV, 
e), and O - C O (289.1 eV, 6), Figure 4.4. 4 9 
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Figure 4.4 C(1s) X P S peak fitting of pulsed plasma deposited: (a) 
theoretical poly(glycidyl methacrylate); (b) 300 nm poly(glycidyl 
methacrylate) layer; and (c) compact disc surface. 
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Infrared studies of the glycidyl methacrylate monomer indicate the presence 
of epoxide ring C-H stretching (3050 cm"1), C-H stretching (3000-2900 cm"1), 
acrylate carbonyl stretching (1720 cm"1), acrylate C=C stretching 
(1637 cm"1), epoxide ring breathing (1253 cm"1), antisymmetric epoxide ring 
deformation (908 cm"1) and symmetric epoxide ring deformation (842 cm"1), 
Figure 4.5(a). All of the bands associated with the glycidyl methacrylate 
monomer were clearly discernible following pulsed plasma polymerization, 
except for the methacrylate carbon-carbon double-bond features, which 
disappeared during polymerization, Figure 4.5(b). 
b 
8 (mm a to 
908 cm 
1253 c m 
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1200 1000 800 1800 1600 1400 
Wavenumber / cm 
Figure 4.5 Infrared spectra of: (a) glycidyl methacrylate monomer; and (b) 
pulsed plasma deposited poly(glycidyl methacrylate). 
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4.3.2 Bio-molecule Functionalization 
The CD-Mol software generated a multitude of visualisations to display the 
change in data throughout the process. The first series of visualisations 
displays the change in the number of correct bits per set in a data track, after 
pulsed plasma polymerization or inkjet printing, a set being a string of 4 
consecutive bytes, as each byte consists of 8 bits it follows that there are 32 
bits in a set. Hence as a track consists of 1, 048, 576 bits it also comprise of 
32768 sets. Visualisations on the 32 bit set level are preferred as they 
provide higher resolution data analysis compared to visualisation on the bit 
or byte level (this is analogous to a 32 pixel image providing better resolution 
than one of 8 pixels). While 64 and 128 bit level analysis is possible, they are 
difficult to visualise due to their size. The visualisations comprise the number 
of correct bits per set along the x-axis against the percentage of these sets 
on the y-axis. From this sample it can be determined that 33% of the sets 
contain 16 correct bits, indicating 16 bits have remained the same and 16 
bits have changed, Figure 4.6. 
a> 
Q. 
. . I 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
Number Of Correct Bits 
Figure 4.6 Graphical visualisation showing the percentage of sets (y-axis) 
which contain the same number of correct bits (x-axis). 
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The first visualisations simultaneously displays the correct number of bits per 
set obtained following the inkjet printing of high purity water onto tracks 1, 2, 
3 and BSA onto tracks 4, 5, 6, and the correct number of bits obtained 
following the second step of inkjet printing where BSA is printed onto tracks 
1, 2, 3 and high purity water onto tracks 4, 5, 6. With the correct bits 
sequence taken to be the data after pulsed plasma polymerization. 
These visualisations indicated no change in the correct number of bits 
after the first read in tracks 1 and 2, Figures 4.7 and 4.8 respectively. A 
change was noted in the correct number of bits for tracks 3, 4, 5, and 6 after 
read 1 which did not vary significantly after read 2, Figures 4.9, 4.10, 4.11 
and 4.12 respectively. 
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Figure 4.7 Correct bits per set for track 1. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA. 
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Figure 4.8 Correct bits per set for track 2. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA. 
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Figure 4.9 Correct bits per set for track 3. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA. 
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Figure 4.10 Correct bits per set for track 4. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA. 
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Figure 4.11 Correct bits per set for track 5. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA . 
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Figure 4.12 Correct bits per set for track 6. Read 1 is performed following 
inkjet printing of high purity water and read 2 following inkjet printing of BSA. 
Two further visualisations, that show a comparison of the correct number of 
bits for all tracks after the first read and second read, were also produced, 
Figures 4.13 and Figure 4.14. 
This series of visualisations, Figures 4.7 to 4.14, indicate that the 
inkjet deposition of high purity water does not significantly alter the data, with 
no change noted in read 1 for tracks 1 and 2, Figure 4.7 and 4.8, and only 
minor changes in read 2 for tracks 3, 4, 5, 6, Figure 4.9 to 4.12. However a 
large change in the correct number of bits following BSA immobilization was 
detected, indicating that BSA has interfered with the optical transmission of 
the laser. As an extension a 3D visualisation was generated that compared 
the correct bits per set in read 1 and 2 for all tracks. This visualisation 
enabled rotation around the x, y and z axis to identify key areas of interest, 
Figure 4.15. 
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The second series of visualisations to utilise the percentage of sets that 
contain the same number of correct bits, takes the first read after inkjet 
printing to be the correct bit sequence and compares this to the data 
obtained in the second read. This enables any changes after the second 
inkjet printing to be highlighted. For track 1 it can be seen that this 
visualisation indicates a change has occurred as a result of the second inkjet 
deposition, Figure 4.16. This is in agreement with the first visualisation 
where there was no change in track 1 read 1 has but a notable change in 
track 1 read 2 , Figure 4.7. 
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Figure 4.16 Visualisation of the correct number of bits after the second 
read with the first read data taken as the correct bit sequence. This indicates 
that the data has changed significantly. 
This is further exemplified in the visualisation of track 4. For this track it was 
previously determined that BSA immobilization created a change in the first 
read, and that this change did not alter significantly after the inkjet deposition 
of high purity water, Figure 4.10. This second format of visualisation further 
clarifies this, indicating little significant change in the correct number of bits 
between the first and second read, with approximately 90% conserved, 
Figure 4.17. 
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Figure 4.17 Correct bits per set for track 4 after read 2 with the data from 
read 1 taken as the correct bit sequence. 
It can be seen from these visualisations that a significant change in data 
occurred between the two reads in tracks 1 and 2, Figure 4.16 and 4.18 
respectively. However, there was little significant change in tracks 3,4, 5 and 
6, Figure 4.17, 4.19, 4.20 and 4.21 respectively. This further demonstrates 
that immobilized BSA interferes with the optical transmission of the laser and 
high purity water does not have any significant effect. 
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Figure 4.19 Correct bits per set for track 2 after read 2 with the data from 
read 1 taken as the correct bit sequence. 
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Figure 4.20 Correct bits per set for track 5 after read 2 with the data from 
read 1 taken as the correct bit sequence, 
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Figure 4.21 Correct bits per set for track 6 after read 2 with the data from 
read 1 taken as the correct bit sequence. 
A further visualisation summarises the change in the correct number of bits 
for each track, Figure 4.22. This shows a significant change in data in tracks 
1 and 2 with little change in tracks 3,4,5, and 6. This visualisation enables a 
rapid assessment of where binding taken place, as shown by tracks 1 and 2, 
where binding has occurred, showing distinctly different curves to tracks 3,4, 
5, and 6, Figure 4.22. 
110 
CN CO 
^ 2*. ^ ^ j * : 
o o o o o o 
co co co co co co 
iZ i Z J Z . S Z . i Z I Z 
I— I— I— I— I— I— 
CT> 
CM 
00 
CM 
r^ -
CN 
CD 
CM 
lO 
CM 
CO 
CM 
CM 
CM 
O 
CM 
co GO 
? E 
CO 
CD 
m 
co 
CM 
o 
CD 
O 
in o o 
co o6e}uoojad 
CD 
c 
03 
"D 
CD 
E 
I 
1 
CD 
TD 
CD 
CM 
I 
C/J 
1 
i _ 
0 
Q . 1 1 
O 
O 
CM CM 
0) I-
3 
CD -t—' 
CD 
• D 
O 
S> c o o 
Q) CD 
\7 -c 
A third visualisation, known as a state change graph, demonstrates how 
each bit has changed during the process, with four possible state changes 
available: 
0 The bit has not changed in any of the reads. 
1 The bit has not changed after the first read. 
2 The bit has not changed after the first read, but has 
change after the second read. 
3 The bit has changed in the first and second read. 
In track 1 the visualisation indicates 48% in state 0 (the bit has not changed) 
and 52% in state 2 (the bit has changed after read 2), Figure 4.23. This is 
comparable to the data presented in the number of correct bits per set 
visualisations, Figures 4.7 and 4.16, here the only change detected is after 
the second run, in which BSA has been immobilized. The track 2 state 
change graph is similar to track 1 with bit change evident after the second 
read only, Figure 4.24. 
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Figure 4.23 State changes for track 1 bits. 
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Figure 4.24 State changes for track 2 bits. 
The state change graphs for tracks 3, 4, 5 and 6 indicate that the major bit 
change occurs after the first read, Figures 4.23, 4.24, 4.25 and 4.26 
respectively. This is in good agreement with the associated correct bit per 
set visualisations, with the predominant state change occurring after the first 
read. The state change in all the tracks is summarised in one final 
visualisation, Figure 4.27. This shows that some bits have not changed 
throughout the process, bit change in tracks 1 and 2 occurs exclusively after 
the second read and the state change in 3, 4, 5, 6, after the first read. This 
bit change further confirms the ability of BSA to alter the optical path of the 
laser and demonstrates that a significant change only occurs following after 
inkjet printing of BSA. 
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State Change 
Figure 4.25 State changes for track 3 bits. 
State Change 
Figure 4.26 State changes for track 4 bits. 
State Change 
Figure 4.27 State changes for track 5 bits. 
State Change 
Figure 4.28 State changes for track 6 bits. 
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4.4 Discussion 
The use of diagnostic devices in almost every aspect of science has resulted 
in the formation of a world wide multi-billion pound industry.50 Whilst 
methods have been developed to perform high throughput analysis 5 1 , 5 2 they 
are often expensive and technically demanding, precluding their application 
outside the laboratory. The use of affordable compact discs, coupled with 
commercially available hardware, to perform portable point-of-care 
diagnostics is therefore an attractive alternative. Previous approaches have 
relied upon wet chemical modification and masks for functionalization, 
limiting the range and density of immobilised biomolecules. 3 0 , 3 2 , 3 4 , 3 5 The 
approach described in this study avoids these prerequisites by utilising a 
pulsed plasma deposited glycidyl methacrylate layer to create an epoxy 
functionalized nanolayer capable of binding the primary amine groups of bio-
molecules via nucleophilic attack. 3 8 , 3 9 The subsequent functional patterning, 
data detection and visualisation was performed by user developed software 
and commercially available hardware. This software burned 6 data tracks 
into the compact disc, before plasma functionalization, and subsequently 
directed the inkjet printing so that the contents of each cartridge 
corresponded to a data track on the compact disc, Figure 4.3. 
The extent and position of data change was presented by the 
software in three different visualisations. The first visualisation displayed the 
correct number of bits per set for each track after each step, where the 
correct bit sequence is taken to be the data after pulsed plasma 
polymerization. These visualisations indicated that upon the inkjet printing of 
high purity water no significant change in data is created, before or after BSA 
immobilization. However the inkjet printing of BSA did significantly alter the 
data, Figures 4.7 to 4.12. This demonstrates that the size of the BSA 
molecules is sufficient to alter the optical transmission of a laser beam in a 
standard CD-ROM drive to such an extent that the data interpreted is 
different from the data burned in the compact disc. 
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The anomaly generated in track 3, where a change was detected similar to 
that of tracks 4, 5, 6 despite following the immobilization procedure of tracks 
1 and 2, was a result of the colours used in the .jpg file. The four colours of a 
standard inkjet printer (black, yellow, cyan and magenta) are assigned 
different colours in the software enabling 100% of ink to print from an 
individual cartridge. A six inkjet printer contains an additional two colours 
(light cyan and light magenta) which do not have exact colour matches in the 
computer software. Therefore the actual colour assigned in the .jpg image to 
represent these colours result in a mixture of solutions being deposited from 
a range of cartridges; one of these new colours (light cyan) being used to 
represent track 3. Further work is required in the formation of the .jpg image 
to find a colour match which will print 100% from this cartridge. 
The second visualisation also utilised the number of correct bits per 
set. However the correct bit sequence was taken to be the bit sequence after 
the first read, this highlighted any change in data between read 1 and read 2. 
These visualisations showed that in tracks 1 and 2, where the correct bit 
sequence is that after the inkjet deposition of high purity water, that a 
significant change occurred as a result of BSA immobilization. On tracks 4, 
5, 6, where the correct bit sequence is taken following BSA immobilization, 
there was no significant change after the deposition of high purity water, 
Figures 4.16 to 4.21. It is envisaged that this visualisation can be used in a 
manner similar to a molecular array, for example, a screening library can be 
formed by the inkjet deposition of six different biomolecules onto six different 
tracks. Subsequent exposure to a solution which contains a biomolecule with 
a particular affinity for one of the tracks will lead to binding in that particular 
track. This could be identified with a visualisation showing the correct 
number of bits for all tracks: where tracks in which binding has occurred are 
clearly discernable from those were there is no change due to the change in 
data between read 1 and read 2, Figure 4.27. 
A third visualisation enabled the state of each bit to be tracked 
throughout the process. This produced an output to show whether the bit did 
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not change at all, changed after the first read only, changed after the second 
read only, or changed in both reads, Figures 4.23 to 4.28. From the state-
change visualisation it can be further verified that high purity water does not 
change the state of a bit, but BSA can change a bit only detected after BSA 
immobilization. Once again it can be seen that this visualisation may have 
viability in molecular screening. 
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4.5 Conclusions 
Pulsed plasma polymerization of glycidyl methacrylate can be used to 
present reactive epoxy groups at the surface of a compact disc. 
Furthermore, it is possible to monitor the binding of BSA to this surface by 
detecting the change in data on the compact disc with the use of the 
developed surface and commercially available hardware, thus providing a 
link between the informatic content of a compact disc and molecular binding. 
The subsequent production of a series of visualisation formats to compare 
the change in data demonstrates the capability of a compact disc to act as a 
molecular sensor. 
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CHAPTER 5 
PROTEIN IMMOBILIZATION TO 
PROTEIN RESISTANT SURFACES 
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5.1 Introduction 
Electrostatic interactions between charged particles are amongst the 
strongest bonds known, being comparable in strength to covalent 
bonds, 1 , 2 , 3 and are utilised in aerosol and membrane filtration to remove 
particulate matter.4,5,6 Electrets, materials that contain quasi-permanent 
regions of charge, within an insulating surface, further apply the 
electrostatic interaction for a range of applications, including the 
attachment of charged pigments to a surface in xerography,7,8 
microphones9,10 and radiation dosimeters.1 1 , 1 2 Furthermore, the 
development of techniques such atomic force microscopy,1 3 , 1 4 
microcontact printing15,16 and photolithography,17,18,19 with the capability to 
form small scale charge regions within the electret, have been utilised in 
the development of molecular sensors, 2 0 , 2 1 and scaffolds for self 
assembly 2 2 , 2 3 
Proteins comprise of a series of amino acids, containing both 
amino and carboxyl groups, which regulate a variety of biologically 
important events.2 4 It is known that at defined pH (the isoelectric point) 
the protein exists as a neutral zwitterion. Below the isoelectric point the 
protein exists primarily as a cation, and above exists primarily as a 
deprotonated anion.25 It follows that charged proteins can be 
electrostatically immobilize to an appropriately charged substrate 2 6 , 2 7 , 2 8 , 2 9 
In one particular embodiment arrays of anionic protein were formed via 
immobilization to positive charge stored within an electret30 (molecular 
arrays are of particular importance in the field of proteomics as they 
provide high throughput diagnostics of protein-protein interactions). The 
drawback to this method is the requirement of blocking proteins to 
prevent protein fouling to the electret background. This use of blocking 
proteins is particularly undesirable due to the necessity of an additional 
step in the array fabrication and the Vroman effect (where adsorbed 
blocking proteins are vulnerable to replacement by more active 
proteins).31 
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Previously, it has been demonstrated, that pulsed plasma deposited 
poly(A/-acrylolysarcosine methyl ester) is resistant to protein adsorption,32 
furthermore, in separate studies, it has also been demonstrated that 
pulsed plasma deposited films can act as electrets upon exposure to a 
corona discharge emanating from a metallized AFM tip,33 forming regions 
of localised charge, of both polarities, that may be used to immobilize 
particulate matter.34 ,35 
This study investigates the application of voltages to a metallized 
AFM tip to form regions of localised charge within a protein resistant 
pulsed plasma deposited poly(A/-acrylolysarcosine methyl ester) nano-
layer, and to utilise the strong electrostatic interaction to immobilize 
proteins. Furthermore, by tailoring the pH of the protein to form cationic 
and anionic variants, it is envisaged that the protein may be selectively 
immobilized onto regions of negative and positive charge respectively, 
Figure 5.1. 
The major attribute of this method utilises the electret nature of 
pulsed plasma polymers and the protein resistive properties of pulsed 
plasma deposited poly(A/-acrylolysarcosine methyl ester) to fabricate 
protein arrays with low background fluorescence, capable of determining 
protein-protein interactions. 
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Figure 5.1 Formation of localised negative and positive charge in 
poly(/V-acrylolysarcosine methyl ester) via a corona discharge emanating 
from a scanning probe tip, followed by protein immobilization at varying 
pH. 
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5.2 Experimental 
5.2.1 Plasmachemical Nanolayering 
/V-acryloylsarcosine methyl ester monomer (97%, Lancaster) was loaded 
into a sealable glass tube, followed by degassing using multiple freeze-
pump-thaw cycles. Pulsed plasma polymerization was carried out in a 
cylindrical glass reactor (4.5 cm diameter, 460 cm 3 volume, 2 * 10"3 mbar 
base pressure, and 1.6 x 10~9 mol s"1 leak rate) surrounded by a copper 
coil (4 mm diameter, 10 turns, located 15 cm away from the precursor 
inlet) connected to a 13.56 MHz radio frequency (RF) power supply and 
an L-C matching network. The plasma chamber was located inside a 
temperature-controlled oven and a Faraday cage. A 30 L min 1 rotary 
pump attached to a liquid nitrogen cold trap was used to evacuate the 
reactor, while the system pressure was monitored with a Pirani gauge. All 
fittings were grease-free. During pulsed plasma deposition, the RF power 
source was triggered by a signal generator, and the pulse shape 
monitored with an oscilloscope. Prior to each deposition, the apparatus 
was scrubbed with detergent, rinsed in 2-propanol, and oven dried. 
Further cleaning entailed running a 40 W continuous wave air plasma at 
0.2 mbar pressure and lasting 20 min. The substrate of interest was 
inserted into the reactor and the reactor pumped down to base pressure. 
At this stage, a continuous flow of A/-Acryloylsarcosine methyl ester 
vapour was introduced into the chamber at a pressure of 0.1 mbar and 
50 *C temperature for 5 min prior to plasma ignition. The optimum pulsed 
plasma duty cycle corresponded to 30 W peak power continuous wave 
bursts lasting 20 us and 5 ms off. Upon completion of deposition, the RF 
power source was switched off and the monomer allowed to continue to 
purge though the system for a further 5 min prior to evacuation to base 
pressure and venting to atmosphere. 
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5.2.2 Localised Charge Deposition 
Localised charge deposition was performed by applying +/-150 V, from an 
external power supply in conjunction with a signal access module, to a Cr 
sputter coated AFM probe (125 urn long silicon tip, force constant ~ 
40 nN, resonance frequency = 270 kHz after metallization, MikroMasch 
NSC15/Cr) coupled to a Nanoscope III atomic force microscope (Digital 
Instruments). Localise charge deposition was carried out during lift mode 
scanning at a height of 30 nm above the sample surface, with a set point 
of 1.1 V and a scan rate of 1.0 Hz. Localised regions of charge within in 
the pulsed plasma polymer were monitored via the topography and phase 
lag of the surface after charge deposition. 
The phase lag of an oscillating cantilever (<£>) is defined as the 
difference between the actual frequency of oscillation and the driving 
source, with phase lags normally expressed as angles. The phase shift 
images acquired in tapping mode AFM represent the difference between 
the phase lag of the freely vibrating cantilever and the cantilever 
interacting with the underlying substrate, Equation 5.1. 
= </>fn,e ~ interacting Equation 5.1 
A 0 = Displayed AFM phase shift. 
0fme = Phase lag of a freely vibrating cantilever. 
interacting = Phase lag of the interacting cantilever. 
The driving frequency of the freely vibrating cantilever is normally chosen 
to be close to its resonance frequency. According to the theory of freely 
driven oscillators, the phase lag of a freely vibrating cantilever at its 
maximum amplitude is equal to 90°. 3 6 Hence the phase lag of the freely 
vibrating cantilever (0free) is 90°. However when tip-substrate interactions 
are present the resonant frequency of the cantilevered is altered from the 
driving frequency resulting in a new phase lag (<*Wacfing)-37 If the 
cantilever experiences a repulsive field gradient then the resonant 
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frequency is increased, and the corresponding phase lag of the 
interacting cantilever (^interacting) at the driving frequency drops below 90°. 
This results in the phase shift (A<f>) becoming positive, with its magnitude 
corresponding to the degree of repulsion (contrast in phase images 
brightens), Table, 5.1. Conversely an attractive force gradient reduces the 
resonant frequency, with the interacting phase lag at the driving 
frequency being raised above 90°producing a negative phase 3 8 (contrast 
in phase images darkens), Table 5.1. 
Force Resonance Phase Shift AFM Phase 
Gradient Frequency of A4> Image 
Cantilever 
Repulsive Increases Positive Brighter 
Attractive Decreases Negative Darker 
Table 5.1 Effect of force gradients on the phase shift of a freely 
oscillating cantilever. 
As the phase image produced in tapping mode AFM is dominated by the 
short range forces above the sample (including elasticity39, adhesion4 0 
and energy dissipation),41 electric field studies via the AFM are carried 
out during a lift-mode, where a topographical map of the surface is 
determined by a preliminary scan followed by a scan where the tip is held 
at a fixed distance above the surface. Any further changes in phase are 
therefore due to additional long range forces such as Van der Waals and 
electrostatic interactions, with the latter dominant for charged surfaces, 
Figure 5.2 
131 
A Lift Height 
a 
Figure 5.2 Atomic force microscope scanning by: (a) intermittent 
contact mode AFM: and (b) using lift mode scanning of the same area. 
In addition to electrostatic interactions the lift mode phase shift also has a 
dependence on the voltages from the surface (Vsurface) and tip (V t fp), with 
the voltage on the surface inducing a mirror charge on the tip. In addition 
to this an external power supply may be utilised to apply a voltage to the 
tip (Vapplied) resulting in a new tip voltage, Equation 5.2. 
K/p = VgppHed — ^surface Equation 5.2 
Vffc, = total voltage at the tip. 
Vapplied = external voltage applied to the tip. 
Vsurface = voltage at the substrate surface. 
It follows that the phase shift experienced in lift mode will depend on the 
sign and magnitude of V f / p and Vsurface- When V^, and Vsurface have the 
same polarity there will be a repulsive force, resulting in a bright phase 
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shift, however when they are of opposite polarity the force is attractive 
and a dark phase shift occurs. Furthermore the magnitude of the phase 
shift will depend on the product of and Vsurface, from this it is possible 
to monitor the extent that the corona discharge has altered the surface. 
5.2.3 Protein Immobilization 
Protein immobilization above the isoelectric point (pH 4.194 2) entailed 
exposing charged pulsed plasma deposited poly(N-acryloylsarcosine 
methyl ester) to Protein G from streptococcus sp (200 ug ml_"1 in PBS, pH 
7.2, Sigma-Aldrich) for 30 minutes, followed by immersion in Alexa-fluor 
633 goat anti-mouse immunoglobulin (2 mg mL"1 in phosphate-buffered 
saline, pH 7.2, Molecular Probes) further diluted to a concentration of 
200 ug mL'1 in phosphate-buffered for a further 30 minutes. Finally the 
samples were washed in high purity water for 10 minutes before being 
allowed to dry in air. Protein immobilization below the isoelectric point 
utilised was carried out as above, however Protein G was adjusted to pH 
3 upon addition of 200 uM HCI. 
5.2.4 Surface Characterization 
X-ray photoelectron spectroscopy (XPS) was undertaken using an 
electron spectrometer (VG ESCALAB MK II) equipped with a non-
monochromated Mg Kai, 2 X-ray source (1253.6 eV) and a concentric 
hemispherical analyser. Photo-emitted electrons were collected at a 
take-off angle of 30° from the substrate normal, with electron detection in 
the constant analyser energy mode (CAE, pass energy = 20 eV). The 
XPS spectra were charge referenced to the C(1s) peak at 285.0 eV and 
fitted with a linear background and equal full-width-at-half-maximum 
(FWHM) Gaussian components43 using Marquardt minimization computer 
software. Instrument sensitivity (multiplication) factors derived from 
chemical standards were taken as being C(1s): 0(1 s): N(1s): equals 1.00: 
0.63: 0.45. 
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Fourier transform infrared (FTIR) analysis of the films was carried out 
using a Perkin-Elmer Spectrum One spectrometer equipped with a liquid 
nitrogen cooled MCT detector operating across the 700 - 4000 cm"1 
range. Reflection-absorption (RAIRS) measurements were performed 
using a variable angle accessory (Specac) set at 86° on an Au substrate 
in conjunction with a KRS-5 polarizer fitted to remove the s-polarized 
component. All spectra were averaged over 4,000 scans at resolution of 4 
cm"1. 
Contact angle analysis of the plasma-deposited films was carried 
out with a video capture system (ASE Products, model VCA2500XE) 
using 2.0 uL droplets of de-ionized water. 
Film thickness measurements were carried out using an nkd-6000 
spectrophotometer (Aquila Instruments Ltd). Transmittance-reflectance 
curves (over the 350-1000 nm wavelength range) were fitted to the 
Cauchy model for dielectric materials using a modified Levenburg-
Marquardt method.44 
Fluorescence microscopy was performed using an Olympus IX-70 
system (DeltaVision RT, Applied Precision, WA). Image data was 
collected using an excitation wavelength of 633 nm. 
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5.3 Results 
5.3.1 Poly(W-acryloylsarcosine methyl ester) 
The contact angle, infra-red spectra, XPS elementary stoichiometry and 
XPS C(1s) spectra values of the pulsed plasma deposited poly(A/-
acryloylsarcosine methyl ester) protein-resistant film were identical to 
section 2.3.1. 
5.3.2 Protein Immobilization above the Isoelectric Point 
Evidence for positive charge deposition within poly(A/- acryloylsarcosine 
methyl ester) following the scanning of an AFM tip over a 20 urn x 20 urn 
square, whilst being subjected to an applied voltage of +150 V, 30 nm 
above the surface, was obtained using atomic force microscope 
topographical and phase images. 
AFM topography showed no change in the surface topography 
following positive charge deposition, Figure 5.3(a). The phase image 
upon application of +35 V revealed a bright square in the area of 
deposited charge approximately 20 urn x 20 urn, Figure 5.3(b). The bright 
square indicated that a repulsive force was present between the tip and 
the sample, Lowering the magnitude of the applied voltage reduced the 
intensity of the phase shift until it is no longer present at an applied 
voltage of +12 V at the tip, Figure 5.3(c). Further reduction in the applied 
voltage of -35 V yielded a dark square in the phase image, indicating an 
attractive field gradient between the tip and the surface was present, 
Figure 5.3(d). Fluorescence images obtained prior to protein exposure 
showed no change in the fluorescent properties of the surface as a result 
of charge deposition, Figure 5.3(e). However after protein immobilization 
of protein G and subsequent exposure to complementary Alexa Fluor 633 
labelled IgG, a fluorescent square of approximately the same dimension 
of the charged area was revealed. 
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Figure 5.3 Atomic force micrograph images of poly(A/-
Acryloylsarcosine methyl ester) after exposure to a metallized AFM tip 
biased at +150 V: (a) Tapping mode topography; and (b-d) Lift mode 
phase images recorded at +35 V, +12 V and -12 V respectively. 
Corresponding fluorescence images of the surface: (e) Prior to protein 
exposure; and (f) Subsequent to protein exposure. 
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Negative charge deposition comprised the scanning a 20 urn x 20 urn 
square while the tip subjected to an applied voltage of -150 V, 30 nm 
above the surface. AFM topography showed no change in the surface 
topography following negative charge deposition, Figure 5.4(a). The 
phase image upon application of +35 V revealed a dark square of similar 
to dimensions to the area subjected to the negative charge, Figure 5.4(b). 
This dark square indicated that an attractive force gradient was present 
between the tip and the sample. Lowering the magnitude of the applied 
voltage reduced the intensity of the phase shift until it is no longer present 
at an applied voltage of -13 V, Figure 5.4(c). Further reduction in the 
applied voltage to negative voltage of -35 V yields a bright square in the 
phase image, indicating a repulsive field gradient between the tip and the 
surface, Figure 5.4(d). Fluorescence images obtained prior to protein 
exposure, once again, revealed no change in the fluorescent properties of 
the surface as a result of charge deposition, Figure 5.4(e). After protein 
immobilization of protein G and subsequent exposure to complementary 
Alexa Fluor 633 labelled IgG no significant fluorescence at the surface 
was noted. 
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Figure 5.4 Atomic force micrograph images poly(A/-Acryloylsarcosine 
methyl ester) after exposure to an EFM tip biased at -150 V: (a) Tapping 
mode topography; and (b-d) Lift mode phase images recorded at +35 V, 
-13 V and -35 V respectively. Corresponding fluorescence images of the 
surface: (e) Prior to protein exposure; and (f) Subsequent to protein 
exposure. 
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5.3.3 Protein Immobilization below the Isoelectric Point 
The topographical and phase images obtained for the positive and 
negative charge deposition were as section 5.3.2. Fluorescence images 
of the sample after charge deposition but prior to protein immobilization 
showed an approximately uniform fluorescence across the surface with 
no feature present, Figure 5.5(a) and (c). After exposure to Protein G, 
modified to pH 3, and subsequent exposure to Alexa Fluor 633 IgG 
revealed fluorescence only is samples which contain an area of positive 
charge, Figure 5.3(b) and (d). 
urn 0 80 
... 
r i 
80 pm 0 80 Mm 
Figure 5.5 Fluorescence images obtained from poly(/V-
Acryloylsarcosine methyl ester): (a) and (c) after -150 V charge 
deposition; and (b) positive charge after washing in Protein G and 
subsequent exposure to Alexa Fluor 633 IgG; and (d) negative charge 
subjected to the same procedure. 
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5.4 Discussion 
The development of protein micro-arrays as an analogue to DNA 
microarrays,4 5 , 4 6 provided the capability to perform high throughput 
diagnostics of protein-protein interactions47. To facilitate the fabrication of 
protein arrays a plethora of techniques were developed for 
immobilization, including attachment via reactive linker groups, 4 8 , 4 9 
immobilization onto gel-coated slides, 5 0 affinity capture of proteins via 
biomolecular interactions,51 and the electrostatic interaction between 
proteins and charged substrates. 3 0 , 5 2 , 5 3 Of major concern in preparing 
protein arrays is the non-specific adsorption of proteins to the 
background, this may occur via the aforementioned electrostatic 
interactions or irreversible unfolding of the protein on the surface to 
maximise hydrophobic interactions.54 Previous attempts to prevent this 
involved either the application of protein resistant sur faces 5 5 , 5 8 , 5 7 , which 
are know to limit the application to a wide range of substrate, or the use 
of blocking proteins,5 8 , 5 9 with the use of blocking proteins known to suffer 
from the Vroman effect.31 Pulsed plasma deposited poly(A/-
acryloylsarcosine methyl ester) 3 2 is an example of a non-fouling, 
substrate independent, protein resistant surface, with the surface 
rendered protein resistant as a results of terminal ester groups presenting 
a hydrophilic surface that may be easily hydrated, which can not disrupt 
the ordering of water molecules in the domain local to the protein, as a 
result the protein can not unfold. 
It is known that pulsed plasma polymers may act as electrets, by 
storing charge within in a localised area of the polymer. Following positive 
discharge modification of the poly(A/-acryloylsarcosine methyl ester) 
surface, the systematic varying of the phase imaging indicated that at 
high positive voltages the tip experienced a repulsive field gradient and 
produced a light square and upon the application of large negative 
voltages this is replaced by a dark square indicating that tip is now 
subjected to an attractive field gradient. The point at where no phase 
change is present occurs when the tip is not subjected to a field gradient. 
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This occurs when the applied voltage to the tip is the same as the voltage 
on the surface, this is a result of the applied voltage on the tip being of 
sufficient magnitude to overcome the mirror charge induced in the tip by 
the surface, but not enough to create a charge on the tip that will 
electrostatically interact with the surface, from this is can be deduced that 
the surface contains approximately +12 V charge, Figure 5.3. Following 
the same principles it can be determined that the surface contains 
approximately -13 V of surface charge, Figure 5.4. This potential has a 
similar magnitude to that resulting from positive discharge. 
At pH 4.19 protein G exists primarily as a neutral zwitterion, above 
this point it exists primarily in the cationic state. Upon exposure of the 
protein in its cationic state to a poly(A/-acryloylsarcosine methyl ester) 
nano-layer, containing both positive and negative charges, followed by 
washing in fluorescently tagged complementary protein IgG 6 0 only 
fluorescence to areas of positive charge was noted, Figure 5.3 and 5.4. 
However when protein G is below the isoelectric point, at pH 3, only 
immobilization to the negative charge is noted, Figure 5.5. This 
demonstrates that the electrostatic interactions between the protein and 
the localised charged poly(A/-acryloylsarcosine methyl ester) are sufficient 
to overcome the protein resistant properties of the polymer. Furthermore 
it demonstrates that by controlling the pH of the protein, it is possible to 
selectively immobilize the protein onto positive and negative charges 
respectively. 
It was noted that the fluorescence intensity of the positive charge 
was twice that of the negative charge, suggesting greater protein 
adsorption to positive charge. This discrepancy is related to the difference 
between the isoelectric point and protein pH. With a larger difference 
between the isoelectric point pH and experimental protein pH above the 
isoelectric point, a greater magnitude of charge is inferred to the protein 
as a function of distance from the isoelectric point.26 As the strength of 
electrostatic interactions are proportional to the magnitude of charge61 it 
follows that the immobilization above the positive pH is subjected to a 
greater electrostatic force than that below the isoelectric point. This 
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further demonstrates that the degree of protein immobilization can be 
controlled via pH modification. 
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5.5 Conclusions 
Localised corona discharge from a metallized AFM tip can be used to 
store charge in pulsed plasma poly(A/-acryloylsarcosine methyl ester), 
that can be utilised to selectively immobilize proteins, with retention of 
biological selectivity. Furthermore the protein resistant nature of poly(/V-
acryloylsarcosine methyl ester) negates the necessity of blocking 
solutions required to prevent protein fouling. 
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6.0 CONCLUSIONS 
The fabrication of molecular devices, capable of providing insights into 
biological interactions, require suitably functionalized substrates. Existing 
methods include Langmuir-Blodgett films, self assembled monolayers 
and spin coated layers coupled with patterning techniques such as atomic 
force lithography, e-beam lithography, microcontact printing, 
microarraying and exposure through a mask to a reactive medium. 
However there exist drawbacks, such as the substrate dependence of 
self assembled monolayers on the Au-S and Si-0 bond affinity, or the 
inability to coat complex 3D- geometries. Pulsed plasma polymerization 
can overcome these limitations. It ensures covalent bonding to the 
substrate via free radical sites created at the substrate surface during the 
onset of electrical discharge. Appropriate choice of functional gaseous 
precursors (containing polymerizable carbon-carbon double bonds) in 
combination with electric discharge modulation on millisecond-
microsecond time scales makes it possible to easily build up functional 
nanolayers. 
In this thesis genomic arrays have been created via di-sulfide 
bridge formation between thiol terminated DNA and thiols groups 
presented by pulsed plasma deposited poly(allylmercaptan) with retention 
of biological activity shown via the binding of a fluorescently tagged 
complementary DNA strands. Proteomic arrays have been formed by the 
immobilization of proteins to reactive epoxide functionalities formed from 
pulsed plasma deposited poly(glycidyl methacrylate). These are shown to 
be amenable to binding primary amine groups, belonging to the protein, 
via nucleophilic attack. The preservation of the protein configuration is 
revealed via the binding of complementary proteins only. Similarly, 
glycomic arrays have been produced by a further exploitation of 
poly(allylmercaptan) presented thiol groups, in this case B-D-galacto-
methanethiosulfonate has been covalently attached via a di-sulfide 
bridge. An alternate method for sugar immobilisation has been 
demonstrated via Schiff base imine formation with the aldehyde terminus 
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of D-maltose. Retention of biological activity has been exemplified by the 
binding of the fluorescently labelled galactose binding lectin PNA and 
maltose binding lectin concanavalin A. 
A major limitation in array analysis is non-specific adsorption to the 
background leading to unwanted fluorescence. Plasmachemical nano-
layering catered to create a bi-functional stacks comprising pulsed 
plasma deposited poly(A/-acryloylsarcosine methyl ester) protein-
resistant top coating with a suitably tailored reactive underlayers has 
been shown to overcome this due to the elimination of non-specific 
protein adsorption. The marrying of these molecular scratchcards with 
traditional robotic microarraying has been show to produce arrays with 
low background fluorescence due to the elimination of non-specific 
protein adsorption as a consequence of the protein-resistant top layer. In 
a similar fashion, the utilisation of an SPM probe tip to mechanically 
remove the tip has been shown to provide reactive pixels on the micro 
and nano-scales to produce arrays capable of high-throughput 
diagnostics for genomics, glycomics and proteomics. Furthermore, it is 
possible utilise the protein resistant nature poly(A/-acryloylsarcosine 
methyl ester) to immobilize proteins, through electrostatic interactions. 
This is possible due to the electret nature of plasma polymers, whereby 
regions of charge, if both polarities can formed via a corona discharge 
emanating from a metallized AFM tip. In addition, modification of the 
protein pH can be utilised to selectively immobilize the cationic and 
anionic protein variants to areas of positive and negative charge 
respectively, whilst maintaining the protein resistant properties of the 
background. 
Finally, the expense and technical expertise demanded by many 
diagnostic methods often precludes their application in most laboratories. 
Reactive epoxide nanolayers have been formed through pulsed plasma 
polymerization onto a compact disc surface. These have been 
functionalized through inkjet printing of proteins, to create spatially 
addressed arrays. Linking of these arrays to tracks stored in the compact 
disc with subsequent visualisations of the any data within these tracks 
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has been shown to provide a link between the informatic process of the 
compact disc and molecular binding. This shows promise as a potential 
cheap point-of-care diagnostic sensor. 
To summarize, in this thesis, for the first time, it has been shown 
that pulsed plasma deposited films can be utilised to fabricate high 
throughput molecular arrays for genomics, glycomics and proteomics on 
the micron and nano-scales, with elimination of background fluorescence. 
